9

Managing Forest Water
Quantity and Quality under
Climate Change
Daniel A. Marion, Ge Sun, Peter V. Caldwell, Chelcy F.
Miniat, Ying Ouyang, Devendra M. Amatya, Barton D.
Clinton, Paul A. Conrads, Shelby Gull Laird, Zhaohua Dai,
J. Alan Clingenpeel, Yonqiang Liu, Edwin A. Roehl Jr.,
Jennifer A. Moore Meyers, and Carl Trettin

CONTENTS
Goals and Approaches..................................................................................................................... 250
What We Already Know and Do Not Know................................................................................... 252
Water Quantity................................................................................................................................ 253
Evapotranspiration..................................................................................................................... 253
Low Flows.................................................................................................................................. 255
Total Water Yield........................................................................................................................ 256
Water Quality..................................................................................................................................260
Water Temperature..................................................................................................................... 261
Soil Erosion and Sediment.........................................................................................................264
Salinity Intrusion........................................................................................................................ 271
Management Options for Mitigation and Adaptation..................................................................... 273
Sea Level Rise and Hurricanes................................................................................................... 274
Extreme Precipitation Events and Low Flows........................................................................... 275
Water Quality............................................................................................................................. 276
Moderating Climate and Mitigating Impacts through Forest Restoration and Afforestation.... 277
Summary of Region-Wide Responses............................................................................................ 278
Case Studies.................................................................................................................................... 278
Case Study 1: Coastal Plain....................................................................................................... 279
Case Study 2: Mississippi Alluvial Valley................................................................................. 285
Case Study 3: Appalachian-Cumberland Highland................................................................... 287
Case Study 4: Mid-South........................................................................................................... 293
Summary......................................................................................................................................... 297
References....................................................................................................................................... 298
Water is a critical resource of the Southern United States and is intimately linked to other ecosystem and societal values. The South is known for its warm climate, rich water resources (Figure 9.1),
and large acreage of forest lands that provide an ideal place for people to live. Indeed, water availability is central to sustaining an economy that relies on irrigation agriculture, forestry, recreation,
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FIGURE 9.1 Mean annual runoff (1960–1980) distribution across the subregions of the South.

industry, power generation, transportation, and most importantly, the long-term future of natural
ecosystems and human society (Hossian et al. 2011).
As in many other regions in the United States, the quality and quantity of water resources in the
South are at risk from climate change, land conversion from forests to urban uses, increasing water
demand from a growing population, and sea level rise (Lockaby et al. in press). A recent national
climate change assessment (Karl et al. 2009) suggests that droughts, floods, and water quality problems are all likely to be amplified by climate change in most regions in the United States.
Understanding the potential impacts of climate change and associated stresses on water resources
is the key to developing overall adaptation responses to minimize negative consequences at the local
level. Today’s forest managers face new challenges to maintain forest ecosystem services that are
threatened by multiple stressors (Pacala and Sokolow 2004; Ryan et al. 2010). Adapting management
practices to climate change by creating more resilient ecosystems is an essential step toward sustainability (Baron et al. 2009). But how much leverage can we expect using forest management in efforts
to adapt to the more extreme hydrologic regimes caused by climate change (Ford et al. 2011b)? And
what specific options and barriers will affect implementation of management strategies at the stand
and landscape scales? Those are the kind of questions that scientists and managers must address if they
expect to respond to climate change (National Research Council of the National Academies 2008).
The direct impacts of climate change on water resources will depend on how climate change
alters the amount, form (snow vs. rain), and timing of precipitation and how this subsequently affects
baseflow, stormflow, groundwater recharge, and flooding (Karl et al. 2009). Climate change poses
profound threats to water quantity and quality across the South. The diverse climate, geology, and
topography (Sun et al. 2004) and resulting physiographic differences create complex seasonal and
spatial hydrologic patterns and water resource distributions (Figure 9.1). Approximately 8000 km of
southern coastline are highly vulnerable to sea level rise, adding another level of complexity to water
resource management. The large contrast of hydrometeorological and socioeconomic characteristics
across the five broad subregions of the South (Coastal Plain, Piedmont, Appalachian-Cumberland
Highland, Mississippi Alluvial Valley, and Mid-South) creates a wide range of water quantity and
quality responses to climate change, adaptation, and mitigation management options (Table 9.1).

GOALS AND APPROACHES
The goals of this chapter are to provide land managers and policy makers a state-of-the-science summary of potential water resource responses to anticipated climate change, and to identify relevant
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TABLE 9.1
Topographic and Hydroclimatic Characteristics of the Five Subregions of the South
and Key Water Quantity and Quality Concerns Related to Climate Change
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Ecoregion

Topography

AppalachianCumberland

Rugged topography with
steep hillslopes and high
elevations (300–2000 m)

Coastal Plain

Poorly to well drained flat
lands with elevation
<100 m above sea level

Mid-South

Highly variable from flat
coastal areas and Great
Plains to rugged
topography in the
Ouachita-Ozark
Mountains (0–2500 m)
Flat lands, low elevation
(<50 m)

Mississippi
Alluvial Valley

Piedmont

a

Moderate slopes, elevation
100–300 m

Climate and Hydrologya

Key Concerns of Climate
Change

High precipitation (1100–2000 mm/
year), high runoff (400–1200 mm/
year) and runoff ratio (>50%); low
evapotranspiration caused by low air
temperature
High precipitation (>1200 mm/year)
and warm temperature, generally
exceeding potential evapotranspiration
leaving excess moisture, high
evapotranspiration, variable runoff
amount (300–800 mm/year), low
runoff ratio (<30 percent most area)
and slow-moving streams
A large climatic gradient; highly variable
precipitation (400–1500 mm/year),
runoff (50–550 mm/year) and runoff
ratio (5–45%)

Increased flooding;
droughts; erosion and
sedimentation; and water
temperature

High precipitation, 1200–1500 mm/
year, with a decreasing south–north
gradient; low runoff amount
(450–550 mm/year) and runoff ratio
(<35%)
High precipitation (1200–1400 mm/
year), moderate runoff amount (200 to
800 mm/year), and ratio 20–60%

Change in wetland
hydrology; inflows from
upstreams; water quality
from agricultural runoff
and river transportation
Increasing drought; water
use demand; reactivation of
sediment

Changes in wetland
hydroperiod and water
quality; hurricane impacts;
inundation and saltwater
intrusion due to sea level
rise

Increased flooding in the
mountains; droughts in the
plains; increased
sedimentation due to higher
rainfall intensity

Runoff ratio is the ratio of mean annual runoff to mean annual precipitation, the balance of precipitation is lost to the
atmosphere as evapotranspiration.

mitigation and adaptation practices to better manage forest watershed resources in the South. Our
specific objectives are to (1) document and project the consequences of climate change and variability in altering the quantity, quality, and timing of water supplies at multiple scales; (2) present
case studies to demonstrate how management can mitigate and adapt to climate change in different
subregions; and (3) discuss the vulnerability of southern forest watersheds to water resource impacts
resulting from climate change and other important stresses over the next 50 years.
This chapter provides an examination of historical and projected future climate changes and the
impacts of rising sea levels on key hydrologic processes, water supply and demand related to human
use, and water quality in southern forest watersheds. We examined the interactions of climate and
water using long-term monitoring data collected at numerous sites (both U.S. Geological Survey
and U.S. Forest Service stations) throughout the South. Statistical and process-based simulation
models were used to project potential changes in water resources under multiple climate scenarios
developed by combining four commonly used general circulation models (MIROC3.2, CSIROMK2,
CSIROMK3.5, and HadCM3) with two emissions storylines (Intergovernmental Panel on Climate
Change 2007): A1B representing low population/high economic growth and high-energy use, and
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TABLE 9.2
Expected Response (Increase, Decrease, or Both) by Water Quantity and Quality
Parameters to Climate Change and Other Key Stressors in the Southern United States
Climate Change and Other Stressors
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Water Parameter

Higher Air
Temperature

Precipitation
Change

Rising
Sea Level

Land Use Changes (Population
Growth, Urbanization)

Water supply

Decrease

Both

Decrease

Decrease

Evapotranspiration
Peakflow, stormflow
Low flow
Wetland hydroperiod
Consumptive water use
Water temperature
Soil erosion, sedimentation
Chemical loading

Increase
Decrease
Decrease
Decrease
Increase
Increase
Both
Both

Both
Both
Both
Both
Increase
Increase
Both
Both

Increase
Increase
Increase
Increase
Increase
Decease
Increase
Increase

Decrease
Increase
Both
Decrease
Increase
Increase
Increase
Increase

B2 representing moderate growth and low-energy use. Most of the sections that follow utilize one
or more of the following climate scenarios: CSIROMK3.5 A1B, CSIROMK2 A1B, HadCM3 B2,
and MIROC3.2 A1B.
The chapter is organized in two main parts. First, we evaluate the vulnerability of water resources
to future changes in climate and associated stresses at two different spatial scales: region-wide
analyses and subregion case studies. The region-wide sections examine how key water resource processes are expected to respond to climate change across the entire South. We then propose adaptation methods based on our current understanding of how hydrologic processes are likely to respond
to climate change over the next 50 years. Second, case studies provide more detailed investigations
of particular processes within a given subregion, A response matrix (Table 9.2) that relates stressors and water quantity and quality parameters is also provided to summarize how key hydrologic
parameters are expected to respond to future climate and development stressors.

WHAT WE ALREADY KNOW AND DO NOT KNOW
Climate change in the South—both observed and projected—is spatially complex. Across the
region, mean air temperature increased 0.9°C from 1970 to 2008 (Karl et al. 2009). Although the
amount of very heavy rainfall increased 15–20% from 1958 to 2007, the change in annual precipitation varied from a decrease of up to 15% in the Carolinas to an increase of 15% in areas of the MidSouth. Consequently, drought frequency has increased in this traditionally wet region (Karl et al.
2009). Mean annual temperatures in the region are expected to increase by an additional 2.5–3.5°C
over the next 50 years (McNulty et al. in press), and water resources will likely become increasingly
stressed (Lockaby et al. in press).
Climate change can impact hydrologic processes and water resources directly by altering precipitation, evapotranspiration, groundwater table, soil moisture, or streamflow; and indirectly by
degrading water quality or reducing the water available for irrigation. Long-term streamflow data
suggest that over the past century mean annual streamflow has increased in the Southern United
States; and this increase is associated with increased precipitation (Intergovernmental Panel on
Climate Change 2007; Karl and Knight 1998; Lins and Slack 1999). However, the general circulation models do not agree on the predicted change in direction (increases or decreases in total
precipitation) of future precipitation events for the Eastern United States (Intergovernmental Panel
on Climate Change 2007). A more consistently predicted aspect of future precipitation is that the
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frequency of the extremes will increase. Most general circulation models predict that as the climate warms, the frequency of extreme precipitation will increase across the globe (O’Gorman and
Schneider 2009). Indeed, many regions of the United States have experienced an increased frequency of precipitation extremes over the last 50 years (Easterling et al. 2000a; Huntington 2006;
Intergovernmental Panel on Climate Change 2007). However, unlike frequency, projections of the
timing and spatial distribution of extreme precipitation are among the most uncertain aspects of
future climate predictions (Allen and Ingram 2002; Karl et al. 1995). Despite these uncertainties,
recent experience with droughts and low flows in many areas of the United States indicate that
even small changes in drought severity and frequency have a major impact on agricultural productions and ecosystem services, including drinking water supplies (Easterling et al. 2000b; Luce and
Holden 2009).
Although the properties that define water quantity and quality presented in Table 9.2 are intimately coupled, we discuss these two major response categories separately. For water quantity, we
focus on key hydrologic fluxes including evapotranspiration, annual water yield, and low flows. For
water quality, we examine water temperature and rainfall erosivity, the two parameters that are
directly linked to climate change. We also quantify and map the locations with water supply stress
to humans by linking water availability and human water use at a basin scale.

WATER QUANTITY
Evapotranspiration
Evapotranspiration is the combination of evaporation of water from plant and ground surfaces and
transpiration. The proportion of rainfall that does not get consumed for evapotranspiration is available for streamflow and soil/groundwater recharge. Thus, evapotranspiration is a major regulator
of streamflow, soil moisture, and groundwater recharge. In the South, a large proportion of annual
precipitation (50–85%) is returned back to the atmosphere as evapotranspiration, leaving less than
half to produce runoff (Lu et al. 2009). Most of the factors that control evapotranspiration—solar
radiation, air temperature, precipitation, atmospheric carbon dioxide (CO2) concentration, and vegetation characteristics—are expected to change under climate change (Sun et al. 2011b). Therefore,
the effects of climate change on water resources and ecosystem function can be partially explained
by alterations in evapotranspiration (Sun et al. 2011a).
Effects of CO2 increase from climate change: The effects of increasing CO2 concentration on
evapotranspiration are complex, varying with scale, stand age, and other factors. At the plant’s leaf
surface, a variety of stomatal responses generally cause transpiration rates to decrease in response
to long-term CO2 increases (Beerling 1996; Franks and Beerling 2009; Prentice and Harrison 2009;
Warren et al. 2011). However, at the stand level, the effects of CO2 increase are highly dependent
on the age of the stand. For example, in observational and modeling studies, evapotranspiration
decreased by 11% in older stands, but increased in younger stands as a result of leaf area increases
(Leuzinger and Korner 2007; Warren et al. 2011). Other modeling studies also suggest that the
physiological effect of CO2 on forest stand transpiration or evapotranspiration may vary between
increases and decreases or may not change at all, depending on forest type and climate (Hanson
et al. 2005; Ollinger et al. 2008; Tague et al. 2009). However, the effect of increasing CO2 might be
modest when the responses of leaf phenology and growth rate adjustment are compared to changes
in other climatic variables such as precipitation, temperature, and humidity (Cech et al. 2003;
Leuzinger and Korner 2010).
Forest evapotranspiration rates and the sensitivity of evapotranspiration to climate change are
affected by tree species and forest type. For example, Ford et al. (2011a) showed that for a given tree
diameter, yellow-poplar (Liriodendron tulipifera) transpiration rates were nearly twofold larger than
hickory (Carya spp.) and fourfold larger than oaks (Quercus spp.). Yellow-poplar transpiration rates
were also much more responsive to climatic variation compared to oaks and hickories (Ford et al.
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2011a). In general, pine (Pinus spp.) forests are much more responsive to climatic variation than
deciduous forests (Ford et al. 2011a; Stoy et al. 2006).
Changes in forest species composition in response to climate change may also affect evapotranspiration. Using climate change scenarios, Iverson et al. (2008) estimated that of 134 tree species
examined, about 66 species would gain and 54 species would lose at least 10% of their suitable
habitat, with most of the species habitat moving generally northeast. As species distributions change
in response to climate change, especially if large areas of forests experience catastrophic mortality
from droughts (Breshears et al. 2005), pest outbreaks, or other factors, evapotranspiration will also
likely change.
Canopy and litter interception: Canopy and litter surface area can intercept precipitation and
reduce the amount reaching the soil surface. Referred to as interception, this is an important component of forest evapotranspiration in the Eastern United States (Helvey 1967; Helvey and Patric 1965;
Savenije 2004). Past work in western North Carolina (Helvey 1967), Georgia (Bryant et al. 2005),
and coastal South Carolina (Amatya et al. 1996; Harder et al. 2007) found that interception losses
varied from 12% to 22% of total precipitation, depending on forest type and elevation. Canopy and
forest litter interception rates are affected by storm characteristics (wind speed, rainfall duration,
intensity and drop size, and number of events), and vegetation and litter properties (canopy structure, leaf area index, and litter quality and amount); thus, climate change will likely alter canopy
and litter interception losses (Crockford and Richardson 2000).
Evidence of climate change effects: Evidence of evapotranspiration response to climate change
largely comes from observational studies that use proxies for evapotranspiration, such as estimates of
evapotranspiration from the balance of precipitation and river discharge records, herbarium samples
of leaves collected over time, agriculturally important climate indices, and remotely sensed forest
greenup and senescence images. However, whether evapotranspiration is increasing or decreasing
at continental and global scales is debatable, based on existing evidence. For example, Walter et al.
(2004) concluded that evapotranspiration has been increasing across most of the United States, in
six major basins, at a rate of 10.4 mm per decade. The increase of evapotranspiration was likely due
to increase of irrigation, groundwater withdrawal, and increase precipitation (Walter et al. 2004),
or expansion of forest areas in the southeast (Trimble et al. 1987). In contrast, Labat et al. (2004)
have shown that global river discharge has been increasing at a rate of 4% for each 1°C increase
in global temperature, suggesting a reduction in evapotranspiration. This increase in discharge has
been directly attributed to the physiological effect of CO2 decreasing evapotranspiration and not
to the effect of changing land use (Gedney et al. 2006). A study of leaf samples collected from
1890 to 2010 showed a significant decline in stomatal density and maximum stomatal conductance (Lammertsma et al. 2011), supporting the notion of a downward trend in plant transpiration.
Therefore, the combined effects of physical and chemical climate change on evapotranspiration are
uncertain for certain ecosystems or regions.
Effects of growing-season length: The potential growing season for deciduous forests is increasing over time, which could increase annual evapotranspiration and thereby offset any possible
decrease brought about by the effects of CO2 on stomatal conductance. For example, Kunkel et al.
(2004) show that the frost-free season across the United States has lengthened by about two weeks,
but this phenomenon is spatially variable with more of an increase in the West than the East. The
impacts of warmer winters and springs on deciduous forest greenup and senescence are difficult
to generalize (Hänninen and Tanino 2011). For several boreal and temperate tree species, growth
cessation in the autumn might come earlier with increasing temperatures. For others, spring bud
burst might be delayed by warmer temperatures. For example, Zhang et al. (2007) show that North
American lower-latitude forests have a delayed greenup over time, presumably because they do not
receive the requisite chilling hours (Schwartz and Hanes 2010); in higher latitudes where chilling
requirements are still being met, greenup is occurring sooner. This means that evapotranspiration
in the lower latitudes should be delayed over time while evapotranspiration in the higher latitudes
should be advancing over time.
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Along with being affected by regional climate change, forest phenology can also be affected by
local climate, specifically the heat-island effect and other influences from urban centers (Elmore
et al. 2012). Lastly, important interactions between climate and abiotic conditions can also constrain evapotranspiration. For example, the potential increase in evapotranspiration resulting from a
lengthened growing season can be constrained by reduced water availability and droughts that often
arise late in the growing season (Jung et al. 2010; Zhao and Running 2010).
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Low Flows
Low flows refer to streamflow during prolonged dry weather, a seasonal phenomenon and an integral component of the flow regime of any river (Smakhtin 2001). Low flows are normally derived
from groundwater discharge and usually occur in the same season every year. Low flow is affected
by climate, topography, geology, soils, and human activities (Smakhtin 2001). Effects of climate
change on low flows have important consequences for water supply to reservoirs, transportation,
power generation, aquatic habitats, and water quality (dissolved oxygen concentration, water temperature, salinity, and nutrient levels).
Previous studies suggest that the low flow characteristics have been changing in the South. For
example, Lins and Slack (1999, 2005) reported significantly upward trends in annual minimum
flows and 10th-percentile flows from 1940 to 1999 at most sites in the Appalachian-Cumberland
Highland, Mississippi Alluvial Valley, and Mid-South; whereas many sites in the Coastal Plain and
Piedmont exhibited significantly downward trends. McCabe and Wolock (2002) corroborated this
result and found that the upward trends in streamflow were a result of a steep increase in precipitation beginning in the early 1970s.
Modeling study at watershed and regional scales: We used two different methods, the 7Q10
method (Telis 1992) and the minimum flows and levels method (Neubauer et al. 2008), to determine
low flows in this study. The 7Q10 method, defined as the lowest mean flow that occurs for a consecutive 7-day period with a recurrence interval of 10 years, has been used for identifying extremely
low flows (Reilly and Kroll 2003; Telis 1992). Conversely, the minimum flow and levels method
is defined as the minimum water flows and/or levels required to prevent significant harm to water
resources that are subject to water withdrawals (St. Johns River Water Management District 2010).
This second method calculates how often and for how long the high, mean, and low water levels
and/or flows need to occur to prevent significant harm.
For detecting historical low flow trends, we selected three forest-dominated headwater watersheds: Cache River at Forman, IL; Big Creek at Pollock, LA; and St. Francis River at Wappapello,
MO—all located in the Mississippi Alluvial Valley. These watersheds have gauging stations
maintained by the U.S. Geological Survey and have rather long (60–90 years) streamflow record
periods.
To predict future low flow conditions, we applied an improved monthly scale Water Supply
Stress Index model (Caldwell et al. 2012; Sun et al. 2008). The model uses a monthly water balance
procedure that is sensitive to land cover and climate. It accounts for evapotranspiration, infiltration,
soil storage, snow accumulation and melt, surface runoff, and baseflow processes within each basin,
and conservatively routes discharge through the stream network from upstream to downstream
watersheds. The model does not account for flow regulation by dams or for water diversion projects
such as interbasin transfers. It has been evaluated against measured streamflow and evapotranspiration data at watershed to regional scales (Sun et al. 2011a). Sun et al. (2008) used this model to assess
the impact of future climate change on monthly flows across some 2100 U.S. watersheds defined at the
8-digit Hydrologic Unit Code (HUC) scale. We focused on the 677 watersheds that encompass the
South, some of which receive water from outside the region.
Climate data were derived using the CSIROMK3.5 A1B, CSIROMK2 A1B, HadCM3 B2, and
MIROC3.2 A1B climate scenarios and downscaled to the 8-digit HUCs (Coulson et al. 2010a,b).
Model results are presented as the mean low flow response under these four climate scenarios.

256

Climate Change Adaptation and Mitigation Management Options

Downloaded by [PEARLEY SIMMONS] at 11:52 15 April 2014

Using the 80% exceedance probability in their flow duration curves, we found that the low flow
rates were 0.16 m3/s at the Cache, 0.48 m3/s at the Big Creek, and 5.01 m3/s at the St. Francis gauging stations. The exceedance probabilities for the 60- and 90-day low flow durations at the three
stations have increased during the study periods (Table 9.3). It appears that the low flows are occurring more frequently over time as the watersheds have become drier.
Water supply modeling shows that low monthly mean flows are projected to decrease 6.1% per
decade across the South into the first half of the twenty-first century (Figure 9.2), with the largest
decreases occurring in the Appalachian-Cumberland Highland, Mississippi Alluvial Valley, MidSouth, and western Coastal Plain (Table 9.4 and Figure 9.3). The large decrease in the Mississippi
Alluvial Valley is partially the result of decreasing flows from streams outside of the southern
region. Portions of the Coastal Plain and Mid-South were projected to have upward trends in low
flows; however, these increases were not statistically significant (Figure 9.2). In all subregions, general low flows amounts were projected to decrease from 2010 to 2060 (Figure 9.3).

Total Water Yield
Water yield is the sum of surface runoff and groundwater discharge from a watershed. Changes in
water yield from streams can greatly affect the health of aquatic ecosystems (Postel and Richter
2003) as well as public water supply capabilities (Postel and Carpenter 1997). To assess how climate
change and increased water demand from population growth may affect future water supply stress
in the South, we used an improved water supply stress model (Sun et al. 2008) to predict future
water yields and water supply stresses.
Current trends: The effect of climate change on water yield has been analyzed using historical flow records at long-term gauging sites in watersheds with minimal human alteration. Lins
and Slack (1999, 2005) reported significantly upward trends from 1940 to 1999 in all percentiles
of streamflow—except maximum flows—at most sites in the Appalachian-Cumberland Highland,
Mississippi Alluvial Valley, and Mid-South, but only at a few sites in the Coastal Plain and Piedmont.
Groisman et al. (2003) and McCabe and Wolock (2002) corroborated this result and found that the
upward trends in streamflow occurred as a result of a steep increase in precipitation beginning in the
early 1970s. Conversely, Krakauer and Fung (2008) argued that increased evapotranspiration from
climate change will ultimately lead to decreasing streamflows.
Future projections: Using the mean water yield response under the CSIROMK3.5 A1B,
CSIROMK2 A1B, HadCM3 B2, and MIROC3.2 A1B climate scenarios, we found that annual water
yield would decrease Southwide by approximately 10 mm per decade (3.7% of the 2001–2010 levels), or 50 mm (18% of the 2001–2010 levels) by 2060 (Figure 9.4 and Table 9.5). Although we found
considerable seasonal variability in the projected water yield, the general trend was a statistically
significant decrease (p < 0.05). Likewise, although we found considerable variability in the magnitude of water yield changes among the four climate scenarios, all four scenarios result in downward
trends.
Mean water yield varied considerably across the South as well (Table 9.5 and Figure 9.5), with
most of the Appalachian-Cumberland Highland and Mississippi Alluvial Valley and parts of the
Mid-South and Coastal Plain, exhibiting statistically significant decreases of more than 2.5% per
decade. Although portions of the Coastal Plain and Mid-South are projected to have upward trends
in water yield, these increases were not statistically significant at the 0.05 level. The projected downward trends in water yield are not constant through the entire 2010–2060 period. In all subregions,
water yield is projected to decrease from 2010 to 2025, level off from 2025 to 2045, and decrease
again after 2045 (Figure 9.6).
Impacts on water stress: Decreases in water supply and increases in water demand as a result
of population growth will likely combine to increase water supply stress to humans and ecosystems. We define water supply stress as the ratio of human-related water demand/withdrawal by all
economic sectors to the total amount of water available (Sun et al. 2008). Water demand includes
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Site Name
Cache River at Forman, IL

Big Creek at Pollock, LA

St. Francis River at Wappapello, MO

a

Station
Number

Low Flow
(m3/s)

3612000

0.16

7373000

7039500

0.48

5.01

Probability
(%)

RIa
(years)

Probability
(%)

RIa
(years)

Probability
(%)

RIa
(years)

20 years (1922–1942)

20 years (1942–1962)

0.54

1.9

0.57

60-day flow duration
1.75
0.62

1.62

0.4

2.5

0.33

90-day flow duration
3
0.43

2.33

20 years (1942–1962)

20 years (1962–1982)

0.43

0.62

2.3

20 years (1962–1982)

20 years (1982–2002)

60-day flow duration
1.6
0.28

3.5

Probability
(%)

RIa
(years)

20 years (1982–2002)
0.67

1.5

0.52

1.9

10 years (2002–2011)
0.8

1.25

0.38
2.6
20 years (1940–1960)

90-day flow duration
0.57
1.75
0.29
3.4
20 years (1960–1980)
20 years (1980–2000)

0.61

1.62

0.62

60-day flow duration
1.61
0.65

1.58

0.58

1.7

0.5

2

0.52

90-day flow duration
1.9
0.6

1.7

0.3

3.2

0.7
1.4
10 years (2000–2011)
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TABLE 9.3
Exceedance Probability and Recurrence Interval for the 60- and 90-day Low Flows over Consecutive 10- or 20-year Periods at Three U.S.
Geological Survey Stations Draining Forest Lands of the Mississippi Alluvial Valley

Recurrence interval.
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Appalachian-Cumberland
Mid-South

Mississippi Alluvial Valley

Piedmont
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<50
–50 to –25

Coastal Plain

–25 to –10
–10 to –5
–5 to 0
0 to 25
25 to 52
Predicted trend is statistically significant (p < 0.05)

0
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800 km
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FIGURE 9.2 Predicted trend in annual minimum monthly streamflow for 2010–2060, normalized using the
mean of the 2001–2010 annual minimum monthly flow.

water withdrawals by seven water use sectors: commercial, domestic, industrial, irrigation, livestock, mining, and thermoelectric. For future projections, we consider population growth impacts
on water demand as well as land use and climate change impacts on water supply.
The impact of declining water yield and increasing population is projected to increase water
supply stress over much of the South by 2060, particularly in developing watersheds (Figure 9.7).
For example, the Upper Neuse River watershed, providing water supply for the Raleigh-Durham
metropolitan area, is projected to experience a climate-induced, 14% decrease in water supply and
a growth-induced 21% increase in water demand. This results in an increase in water supply stress
from 0.30 in the first decade (2001–2010) to 0.44 in the last (2051–2060). The 0.40 value has been
established as a general threshold at which a watershed begins to experience water supply stress
(Alcamo et al. 2000; Vörösmarty et al. 2000), although stress may occur at lower or higher values
depending on local water infrastructure and management protocols.
TABLE 9.4
Ensemble Mean Predicted Trends in Regional Annual Minimum Monthly Flows Compared
to a Baseline Period (2001–2010)
Baseline
Region/Subregion
All South
Appalachian-Cumberland
Coastal Plain
Mid-South
Mississippi Alluvial Valley
Piedmont

(1 million m3/
month)
197
427
154
48
1261
41

Predicted Trend
(1 million m3/
month/decade)
−12
−20
−9.7
−3.0
−86
−2.1

(percent of 2001 to 2010
mean/decade)
−6.1
−4.7
−6.3
−6.3
−6.8
−5.1
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FIGURE 9.3 The annual minimum monthly streamflow by subregion in the Southern United States
predicted for 2010–2060 using the mean value of four climate scenarios and displayed using a 10-year
moving mean. The MIROC3.2-A1B, CSIROMK2-B2, CSIROMK3.5-A1B, and HadCM3-B2 climate scenarios for the Southern United States (McNulty et al. in press) each combine a general circulation model
(MIROC3.2, CSIROMK2, CSIROMK3.5, HadCM3) with an emissions storyline (A1B storyline representing moderate population growth and high-energy use, and B2 representing lower population growth
and energy use).
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FIGURE 9.4 Predicted southwide annual water yield for 2010–2060. The shaded area represents the range
in predicted water yield over the four climate scenarios; the heavy line is the 10-year moving mean; and the
thin line is the trend.
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TABLE 9.5
Mean of Predicted Trends in Regional Annual Water Yield Based on Four Climate
Projections Compared to a Baseline Period (2001–2010)
Predicted Trenda
Region/Subregion
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All South
Appalachian-Cumberland
Coastal Plain
Mississippi Alluvial Valley
Mid-South
Piedmont
a

b

Baseline
(mm)

(mm/decade)

(% of 2001–2010
mean/decade)

322
588
392
556
131
410

−10.2b
−16.2b
−11.5b
−25.1b
−5.4
−8.7

−3.2b
−2.8b
−2.9b
−4.5b
−4.1
−2.1

The MIROC3.2 A1B, CSIROMK2 B2, CSIROMK3.5 A1B, and HadCM3 B2 climate scenarios for the Southern United
States each combine a general circulation model (MIROC3.2, CSIROMK2, CSIROMK3.5, HadCM3) with an emissions
storyline (A1B storyline representing moderate population growth and high-energy use, and B2 representing lower population growth and energy use).
Significant at the 0.05 level.
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FIGURE 9.5 Predicted trend in mean annual water yield for 2010–2060, normalized using the mean of the
2001–2010 annual water yield.

WATER QUALITY
Climate change not only affects water quantity but also affects water quality (Cruise et al. 1999;
Murdoch and Baron 2000; Whitehead et al. 2009). A warming climate may elevate water temperature sufficiently to harm aquatic life (Mohseni and Stefan 1999; Webb et al. 2008). Changes
in precipitation amount or storm intensity can affect soil erosion potential by changing the runoff
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FIGURE 9.6 Predicted trend in annual water yield by subregion in the Southern United States, based on four
climate scenarios and using a 10-year moving mean. The MIROC3.2 A1B, CSIROMK2 B2, CSIROMK3.5
A1B, and HadCM3 B2 climate scenarios for the Southern United States (McNulty et al. in press) each combine a general circulation model (MIROC3.2, CSIROMK2, CSIROMK3.5, HadCM3) with an emissions storyline (A1B storyline representing moderate population growth and high energy use, and B2 representing
lower population growth and energy use).

amount, the kinetic energy of rainfall, or the vegetation cover that resists erosion. Increased erosion
results in increased sediment delivery to streams and lakes. Moreover, water temperatures and sediment concentrations may increase in combination with decreased flow rates and velocities, thereby
magnifying their individual impacts to aquatic life.

Water Temperature
Climate change is of particular concern for coldwater fish in the Southern Appalachian Mountains.
For example, eastern brook trout (Salvelinus fontinalis) need dissolved oxygen levels in excess of
8 mg/L, striped bass (Morone saxatilis) prefer dissolved oxygen levels above 5 mg/L, and most
warm-water fish need dissolved oxygen in excess of 2 mg/L. Increases in water temperature as a
result of climate change would decrease instream dissolved oxygen concentrations. Streams in the
Southern Appalachians provide crucial habitat for eastern brook trout and other coldwater species
such as rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta). The lethal temperature limit for such species is approximately 25°C (Matthews and Berg 1997; Meisner 1990).
Several natural factors influence the extent to which changes in air temperature impact stream
temperature; these include total streamflow, relative groundwater contribution to flow (Bogan et al.
2003; Matthews and Berg 1997; Poole and Berman 2001; Sullivan et al. 1990; Webb et al. 2008),
and canopy cover over the stream. In addition, human-related factors that influence the air/water
temperature relationship include runoff from impervious surfaces (Nelson and Palmer 2007), thermal discharges (Webb and Nobilis 2007), and reservoir releases (Webb and Walling 1993).
Several studies have assessed climate change impacts on U.S. stream temperatures using a variety of scales and resolutions, either by trend analysis of historical stream temperatures (Kaushal
et al. 2010) or by developing air/water temperature models and projecting into the future (Eaton
and Scheller 1996; Mohseni et al. 1998; O’Neal 2002, van Vliet et al. 2011). We adopted the latter
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FIGURE 9.7 Mean annual Water Supply Stress Index (a ratio of water demand/water supply) based on
four climate scenarios for (a) 2001 to 2010 (baseline), and (b) 2051 to 2060 (predicted). The MIROC3.2
A1B, CSIROMK2 B2, CSIROMK3.5 A1B, and HadCM3 B2 climate scenarios for the Southern United States
(McNulty et al. in press) each combine a general circulation model (MIROC3.2, CSIROMK2, CSIROMK3.5,
HadCM3) with an emissions storyline (A1B storyline representing moderate population growth and high
energy use, and B2 representing lower population growth and energy use).

approach, developing monthly air/water temperature models using long-term historical data for
91 relatively undisturbed watersheds in the South, and then predicting how stream temperature
changes under future climate scenarios.
Datasets: The stream temperature observations used in this study came from two sources.
Seventy sites were selected from the Hydro-Climatic Data Network (Slack et al. 1993), which are
all in watersheds with limited hydrologic alteration by humans. An additional 21 sites are located
on smaller Forest Service experimental watersheds in the Appalachian-Cumberland Highland
and Piedmont subregions of North Carolina. For both datasets, monthly mean stream temperature
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values were computed from mean daily values. The resulting database includes stream temperature
observations collected during some portion of the 1960 to 2011 period in streams with drainage
areas that range from 0.1 to 101,033 km2 (Figure 9.8).
Air temperatures representing the recent time period came from 4-km by 4-km resolution
monthly weather data, available from the PRISM Climate Group (Gibson et al. 2002). Data from
the PRISM climate grid cells containing the stream temperature measurement sites were used to
represent the air temperature at those sites. For future mean monthly air temperature, we used data
from the CSIROMK2 B2, CSIROMK3.5 A1B, HadCM3 B2, and MIROC3.2 A1B climate scenarios (Coulson et al. 2010a,b).
Model development: S-curve monthly air/stream temperature models (Mohseni et al. 1998) were
developed for each site. A monthly time step was selected because this is the resolution at which
most future climate predictions are available. Models were developed using the most recent two
years of stream temperature data at each site, leaving the remaining data to validate the models’
accuracy in predicting stream temperature outside the periods used for model development.
Once the air/stream temperature models were generated, stream temperature values were computed for the historical time period (1960–2007) using the PRISM air temperature data, and the
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FIGURE 9.8 Estimated trend (1960–2007) in (a) mean annual and (b) annual maximum monthly stream
water temperature across the Southern United States (°C/decade).
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future (2011–2060) using each of the four climate scenarios to generate monthly time series of
historical and future stream temperature at each site. For future predictions, the mean stream temperature over the four climate scenarios was computed to represent the central future condition, and
the range in stream temperature among the future climate predictions was computed to represent
the uncertainty in these predictions.
Stream temperature was regressed against time during both the historical and future time periods, with the slope of the regression representing the change in stream temperature over time. If the
change for either period was significantly different from zero (α = 0.05), then we reasoned that the
stream temperature had changed in response to air temperature during that period.
Estimated historical trends: Sixty-two of the 91 sites showed significant changes, where mean
annual stream temperature increased from 1960 to 2007 (Figure 9.8). The mean temperature
increase across the 62 sites was 0.14°C per decade, with a range of 0.08–0.29°C per decade. For the
sites with significant changes, the mean changes among subregions did not differ, although five of
the largest increases were for sites in the Appalachian-Cumberland Highland.
More relevant to aquatic ecosystems than mean annual stream temperature are the extreme temperature conditions, such as the annual maximum monthly stream temperature. Seventy-one of the
91 sites showed significant changes in annual maximum monthly stream temperature from 1960
to 2007 (Figure 9.8). The mean increase in annual maximum monthly stream temperature for the
71 sites was 0.20°C per decade, with a range of 0.04–0.37°C per decade. The mean for sites in the
Appalachian-Cumberland Highland (0.23°C per decade) was significantly different from that for
sites in the Coastal Plain (0.15°C per decade) and Piedmont (0.15°C per decade). Significant changes
in annual maximum monthly stream temperature were generally larger than the changes in mean
annual stream temperature, suggesting that historical changes in climate have had more impact on
the extremes in stream temperature than on mean stream temperature.
Predicted future trends: All 91 sites exhibited significant upward trends in mean annual stream
temperature from 2011 to 2060 under all four of the future climate scenarios. The mean upward
trend over all sites and climate scenarios was 0.26°C per decade, with means ranging from 0.21°C
per decade under the HadCM3 B2 scenario (Figure 9.9) to 0.35°C per decade under the MIROC3.2
A1B scenario. The changes between subregions did not differ when compared using the mean of
all climate scenarios.
The projected 2011–2060 change in annual maximum stream temperature increased at all 91
sites, and was significant at 27 sites under CSIROMK3.5 A1B, 74 sites under CSIROMK2 B2, 76
sites under HadCM3 B2, and all 91 sites under MIROC3.2 A1B (Figure 9.9). The mean upward
trend among all climate scenarios for all sites with significant changes was 0.25°C per decade, ranging from 0.21°C per decade under CSIROMK2 B2 to 0.30°C per decade under MIROC3.2 A1B.
Under HadCM3 B2, the mean change for sites in the Appalachian-Cumberland Highland (0.29°C
per decade) and Piedmont (0.27°C per decade) was significantly different from the mean change in
the Coastal Plain (0.18°C per decade).
Our modeling indicates that stream temperature values in the historical period have likely
already increased in much of the South as a result of increasing air temperature, and suggests
that they will continue to do so at an accelerated rate in the near future. In particular, sites in the
Appalachian-Cumberland Highland and Piedmont have the highest upward trends in mean annual
and especially annual maximum monthly stream temperature. Sensitivity of stream temperature to
air temperature at a given site can be controlled or influenced by management practices, which will
be discussed later in this chapter.

Soil Erosion and Sediment
Sediment is one of the primary threats to water quality in the South (West 2002), where surface
erosion is the primary process by which sediment is created. Surface erosion is the detachment
and removal of soil or mineral grains from the ground surface. Rainfall and surface runoff are
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FIGURE 9.9 Predicted trend (2011–2060) in (a) mean annual and (b) annual maximum monthly stream
water temperature across the Southern United States (oC/decade) under the HadCM3 B2 climate scenario. The
HadCM3 B2 climate scenario for the Southern United States (McNulty et al. in press) combines the HadCM3
general circulation model with the B2 emissions storyline (representing lower population growth and energy use).

the primary forcing agents by which surface erosion occurs and sediment is transported to water
bodies.
The Universal Soil Loss equation (Wischmeier and Smith 1978) and its successor, the Revised
Universal Soil Loss equation (Renard et al. 1997), have long been used to estimate the amount of
surface erosion associated with different environmental conditions and land use activities in the
South and elsewhere. The Universal Soil Loss equation was originally developed for estimating
surface erosion from cultivated lands, with the Revised Universal Soil Loss equation extending
its applicability to rangelands (Renard et al. 1997). Dissmeyer and Foster (1984) showed how the
Universal Soil Loss equation could be used in forest lands, and Dissmeyer and Stump (1978) provided specific data for doing so in the South.
The factors used within both equations represent the major parameters affecting surface erosion. Two of these factors are climate related: the rainfall–runoff erosivity factor (R) and the cover-
management factor (C). The C-factor is indirectly affected by climate in that temperature and
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precipitation have long-term influences over the type and density of vegetation that can be sustained
in a given area without irrigation or other human interventions. The R-factor provides an index of
the intensity and amount of rainfall occurring at a given location over a long period of time, and as
such is directly affected by climate.
The R-factor provides a useful surrogate for assessing potential changes in future surface erosion related to climate change. Past research has demonstrated that the amount of surface erosion
increases with increased R-factor values (Pruski and Nearing 2002a,b; Renard et al. 1997). R-factor
values can be estimated using monthly or annual precipitation data (Renard and Freimund 1994).
Therefore, the change in R-factor values is used here to evaluate how future surface erosion may be
affected by projected climate changes.
Past evaluations: Changes in R-factor values resulting from climate change have not been demonstrated in the South by directly comparing R-factors computed from recent precipitation data to
those originally computed by Wischmeier and Smith (1965) from data for the mid-20th century.
Possibly this did not happen because R-factor values were significantly revised by Renard et al.
(1997) using additional climate stations and more recent climate data. The more recent R-factor map
(Renard et al. 1997) is generally similar to the earlier map in the South, with some marked differences along the Gulf of Mexico in Louisiana and Florida and within the Appalachian-Cumberland
Highland. However, it is not clear whether these differences are the result of actual climate change
or the inclusion of new stations within these areas.
Predicted precipitation based on general circulation models and emissions storylines has been
used to assess how future climate change may affect R-factor values within the conterminous 48
states. In general, the R-factor value changes determined by Phillips et al. (1993) showed little
consistency in the South among the four climate scenarios they considered. The one exception was
in the Appalachian-Cumberland Highland where all scenarios indicated increased R-factor values.
Given their methods, Phillips et al. (1993) warned against overemphasizing the details of their
results for individual regions such as the South.
Results from Nearing (2001) also showed little geographic agreement in R-factor predictions for
the South under the two climate scenarios considered. This analysis was also at the national scale,
but used more recent general circulation models, more sophisticated emissions storylines, finer
scale climate projections, and statistical models for predicting R-factor values.
Methods for predicting future trends: Our examination used a somewhat more conservative
emissions storyline than past research, and a finer scale climate projection (HadCM3 B2) than past
studies. We focused our analysis on the South and used similar-sized drainage basins to display the
results. R-factor values are computed using the statistical models of Renard and Freimund (1994)
based on mean annual precipitation. Renard and Freimund (1994) also derived models for predicting the R-factor based on the modified Fournier index (Arnoldus 1977), which is calculated using
both mean monthly and mean annual precipitation. However, the models based on mean annual
precipitation alone predicted R-factor values that more closely matched the values computed by
Renard et al. (1997) for the South. Like Nearing (2001), the mean annual precipitation values we
used to compute R-factor values were derived from continuous 20-year periods, which in our case
were 2011 to 2030, 2031 to 2050, and 2051 to 2070.
To evaluate how much R-factor values would change in the future, we defined 1961 to 1990 as
the baseline or “historical” period. R-factor values for this period were computed using precipitation
data generated by rescaling 4-km × 4-km PRISM data (Daly et al. 1994) to the 677 southern watersheds whose boundaries are defined by the U.S. Geological Survey 8-digit HUC naming system.
The mean watershed area was 3660 km2. HUC boundaries often extend beyond state boundaries
along the interior perimeter of the South to include entire drainage basins. Future precipitation
projections were derived from a county-level dataset (Coulson et al. 2010a,b) that was overlaid onto
the HUC layer and used to compute area-weighted values for each of the 677 watersheds analyzed.
Determining threshold of concern: Because recommended limits for soil loss caused by surface erosion have not been established for most forest lands in the South, the R-factor change
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required to exceed a given soil loss limit cannot be determined. Instead, the “threshold of concern”
approach (Sassaman 1981) is used here to define the R-factor change limits beyond which undesirable increases in erosion might occur. Although our concern is surface erosion, we used the change
in R-factor values to identify when and where mitigation or adaptation actions to future climate
change may be most likely.
Soils that have similar physical characteristics exhibit similar surface erosion responses. “Major
land resource areas” are U.S. geographic areas composed of similar soils that have been mapped
by the U.S. Department of Agriculture (2006). Soils within these areas have developed over millennia in response to a range of rainfall erosivity that is characteristic of the climate in which the soils
occur. It seems reasonable that soils developed under higher rainfall erosivity conditions should be
able to tolerate a higher relative change in R-factor values than soils developed under lower erosivity conditions. For this analysis we assumed that the threshold for R-factor change is ±10% of the
maximum R-factor value identified by Dissmeyer and Stump (1978) for each major land resource
area in the South (Figure 9.10).
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FIGURE 9.10 Changes in future rainfall/runoff erosivity factor for Southern U.S. watersheds based on the
HadCM3 B2 climate change scenario, showing defined change thresholds for rainfall–runoff erosivity (a) and
watersheds predicted to exceed the thresholds during the (b) 2011–2030, (c) 2031–2050, and (d) 2051–2070
periods. The HadCM3 B2 climate scenario for the Southern United States (McNulty et al. in press) combines
the HadCM3 general circulation model with the B2 emissions storyline (representing lower population growth
and energy use).

Downloaded by [PEARLEY SIMMONS] at 11:52 15 April 2014

268

Climate Change Adaptation and Mitigation Management Options

Thresholds for both positive and negative R-factor changes are used. Using a positive change
threshold seems obvious because future surface erosion should increase if R-factor values increase.
However, a decrease in R-factor values may also result in increased erosion. Using simulation modeling, Pruski and Nearing (2002b) found that erosion could increase when R-factor values either
increased or decreased. This occurred under certain conditions because the reduced rainfall associated with decreased R-factor values also caused biomass to decrease and thereby reduced the erosion resisting characteristics of the vegetation.
Projected changes in R-factor: The R-factor changes from the baseline period (1961–1990) for
each of the three future periods are discussed below. Hereinafter, only those watersheds that exceed
either the positive or negative thresholds are considered.
The future change in R-factor values shows several important trends. Watersheds where the
R-factor change is projected to exceed either the positive or negative threshold tend to cluster
together (Figure 9.10). These clusters are geographically distinct with each having a locus exhibiting changes in all three future time periods, and a zone of adjoining watersheds where change is
apparent in two of the three time periods. For discussion, these three clusters are referred to as the
Central Gulf Coast, Blue Ridge Mountains, and South Florida. Each of the clusters shows a consistent but different change behavior. The Central Gulf Coast watersheds all exhibit notable decreases
in R-factors, the Blue Ridge Mountain watersheds exhibit increases, and in South Florida both
response types occur. The clusters differ in their expansion over time. The Blue Ridge Mountains
cluster appears to steadily increase in geographic extent over time, while the extent of the Central
Gulf Coast cluster appears to fluctuate somewhat over the study period. The South Florida cluster
remains stable with little size change over time.
The geographic and temporal trends in R-factor changes are caused by the combined effect of
future precipitation changes (Figure 9.11) and the thresholds defined for the soil areas (see Figure
9.10). Clearly, the clusters noted above correspond closely to those areas showing relatively large
precipitation changes. The fact that both the Central Gulf Coast and South Florida clusters occur
in areas where the thresholds are among the highest in the South suggests that these areas may be
particularly susceptible to surface erosion in the future.
Central Gulf Coast cluster: Historically, the watersheds within or adjoining the Central Gulf
Coast cluster all have relatively high R-factor values as demonstrated by the correspondingly high
thresholds (30–55) defined for them (Figure 9.10). The primary locus of the Central Gulf Coast
cluster is in southeastern Texas and southern Louisiana, where 27 contiguous watersheds exhibit
notable R-factor decreases in all three time periods. An additional three watersheds (one in northern
Louisiana and two in southeastern Oklahoma) are disconnected from the cluster, but also exhibit
notable changes in all three periods. For the period ending in 2030, 46 watersheds have notable
R-factor decreases, with all but a few occurring along the Gulf coast or slightly inland. By 2050,
the affected area has extended up the Mississippi River and eastward along the Gulf of Mexico to
include 102 watersheds. Almost all of Louisiana and most of Arkansas are involved in this period,
but 8 watersheds along the coast and in interior southern Texas that previously exhibited notable
decreases no longer do so. By 2070, the area affected contracts to only 56 watersheds with the
Louisiana and Texas coastal areas continuing to be involved, as are a number of watersheds in
Arkansas and eastern Oklahoma.
Over the entire 2011–2070 study period, the change in R-factor for the Central Gulf Coast cluster
is most consistent in the Coastal Plain and Mid-South watersheds (Figure 9.12). Mean decreases in
R-factors are consistently around 70 for Coastal Plain watersheds and just below 50 for watersheds
in the Mid-South. The watersheds in the Mississippi Alluvial Valley are more variable with mean
decreases between those of the Coastal Plain and Mid-South watersheds, but with a few actually
showing decreases larger than those in Coastal Plain watersheds.
Blue Ridge Mountain cluster: The Blue Ridge Mountain cluster has two groupings of watersheds that exhibit consistent increases in R-factor for all three time periods. The larger locus of 15
watersheds occupies the eastern half of the Appalachian-Cumberland Highland where Virginia,
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FIGURE 9.11 Future change in mean annual precipitation for Southern U.S. watersheds as shown by (a) the
mean for the historical period (based on PRISM modeling), and predicted increase (+) or decrease (−) from
the historical mean for the (b) 2011–2030, (c) 2031–2050, and (d) 2051–2070 periods based on the HadCM3
B2 climate change scenario. The HadCM3 B2 climate scenario for the Southern United States (McNulty et al.
in press) combines the HadCM3 general circulation model with the B2 emissions storyline (representing lower
population growth and energy use).

Kentucky, Tennessee, and North Carolina come together. The smaller locus consists of five watersheds that occur mostly within the northern Piedmont in Virginia (see Figure 9.10). Historically,
watersheds in this core area have lower relative R-factor values (200–350), but projected increases
in annual precipitation suggest a marked increase in future rainfall erosivity.
The number of affected watersheds increases steadily over time. By 2030, 51 watersheds show
notable R-factor increases. By 2050, the area affected shifts somewhat eastward into the Piedmont
and the total number increases to 63. By 2070, the affected area has spread southeast into the
Coastal Plain and the number of affected watersheds doubles (126).
R-factor changes in affected watersheds in the Appalachian-Cumberland Highland and Piedmont
are fairly consistent over time, with means between 35 and 45 (Figure 9.12). In contrast, R-factor
changes are more variable over time for affected watersheds in the Coastal Plain, reflecting their
shifting location within the Coastal Plain. In 2030, the single watershed that exceeds the threshold occurs on the coast of the Florida panhandle (although not discernible in Figure 9.10) where
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FIGURE 9.12 The mean change in rainfall–runoff erosivity factor for Southern U.S. watersheds by “geographic change cluster” (Central Gulf Coast, Blue Ridge Mountains, and South Florida) and subregion for
three 20-year study periods.

historical R-factors and thresholds are relatively high. By 2050, the affected Coastal Plain watersheds are all located along the Chesapeake Bay, where historical R-factors are lower, and the mean
R-factor change is now 37 (Figure 9.12). By 2070 the mean change has increased to 68 because the
affected watersheds have shifted southward and R-factor changes are larger. The effect of R-factor
increases on surface erosion within this cluster may be amplified by the area’s steeper terrain, particularly in the Appalachian-Cumberland Highland.
South Florida cluster: The South Florida change cluster is unusual in that its watersheds exhibit
both notable increases and decreases over a relatively small geographic area. The locus of the cluster consists of three watersheds on the eastern side of the southern Florida peninsula and illustrates
the extreme contrasts projected to occur in the future (Figure 9.10). Two of the watersheds exhibit
consistent R-factor decreases ranging from −122 to −219, whereas the adjoining watershed to the
south (encompassing the Florida Keys) exhibits increases of 111–177. If not attributable to model
error, these remarkable differences indicate tremendous climatic variability over short distances.
All three time periods reflect this marked geographic variability. By 2030, seven watersheds
show notable changes with two decreasing and five increasing. By 2050, only the watersheds within
the cluster locus are affected; by 2070 one additional watershed joins the increase total.
Throughout the study period, R-factor changes in the South are largest in South Florida.
Watersheds exhibiting notable increases have mean values between 89 and 111 (Figure 9.12). Those
showing notable decreases have means of −152 to −190.
Other considerations: Past research has noted that the response of surface erosion to R-factor
changes may not be a one-to-one ratio. Erosion simulation studies using agricultural conditions and
the Revised Universal Soil Loss equation showed that soil loss did not respond in equal proportion
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to changes in the R-factor; rather, the percent change in soil loss is somewhat less than the change in
R-factor value (Pruski and Nearing 2002a; Renard and Ferreira 1993). Pruski and Nearing (2002a)
attribute this to increased biomass production under wetter conditions that thereby increases the
ability of vegetation to resist erosion. Renard and Ferreira (1993) found that temperature changes
actually affected soil loss amounts more than rainfall because of the effect that temperature has on
residue decomposition rates.
The way rainfall occurs can also affect erosion response. Pruski and Nearing (2002b) found that
varying the number of days with rain, the rainfall intensity, and the season when rainfall occurred
all affected erosion response, and sometimes resulted in a percent change in soil loss exceeding that
of the R-factor. It should also be noted that the steeper slopes that often occur in forest lands could
compound the effect of R-factor changes.
In summary, our modeling results show that climate change has the potential to produce marked
changes in R-factor values in the South, that R-factor changes would be largely restricted to three
geographic clusters (the Central Gulf Coast, Blue Ridge Mountains, and South Florida), and that
R-factor changes are likely to persist out to 2070. Land managers working within areas covered by
these clusters may well need to consider mitigation and adaptation measures in planning future land
disturbing activities.

Salinity Intrusion
Saltwater intrusion into freshwater aquifers and drainage basins can threaten the biodiversity of
freshwater tidal marshes and contamination of municipal, industrial, and agricultural water supplies
(Bear et al. 1999). The balance between the hydrologic flow conditions within a coastal drainage
basin and fluctuation in sea level governs the magnitude, duration, and frequency of salinity intrusion into coastal rivers. Future climate change is likely to alter these hydrologic balances on the East
Coast of the United States by increasing air temperatures, changing regional precipitation regimes,
and causing sea levels to rise.
We examined saltwater intrusion at two municipal intakes—on the Atlantic Intracoastal
Waterway and the Waccamaw River along the South Carolina Grand Strand near Myrtle Beach
(Figure 9.13)—to illustrate how future sea level rise and a reduction in streamflows can potentially
affect salinity intrusion, threatening municipal water supplies and the biodiversity of freshwater
tidal marshes (Furlow et al. 2002).
Modeling methods and databases: An updated salinity intrusion model of the Pee Dee River
Basin (Conrads and Roehl 2007) was used to evaluate the potential effects of climate change on
salinity intrusion. The model was developed using data-mining techniques, including empirical
modeling using multilayer perceptron (Rosenblatt 1958) artificial neural network (Jensen 1994)
models.
The U.S. Geological Survey maintains a real-time stream-gauging network of recorders for
streamflow (>50 years), water-level, and specific conductance (<25 years) in the Pee Dee and
Waccamaw River Basins (Figure 9.13). During the past 25 years of data collection, the estuarine
system has experienced various extreme conditions including large 24-h rainfalls, the passing of
tropical systems and major offshore hurricanes, and record droughts.
The artificial neural network models that were developed used a subset of the Pee Dee/Waccamaw
network. Model outputs are the specific conductance at seven coastal gauging stations using data
from five upland streamflow recorders, tidal water levels at the northern end of the Intracoastal
Waterway, and wind speed and direction from a coastal meteorological station. The models were
validated using historical measurements of specific conductance at selected coastal stream gauging
stations.
To simulate the effects of sea level rise, the mean coastal water levels were incremented by 0.5foot segments to simulate sea level rise up to 3 feet. To simulate the effect of reduced streamflow to
the coast, daily historical streamflows were reduced by increments of 5% up to 25%. Daily specific
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FIGURE 9.13 Location of study monitoring stations within the Pee Dee and Waccamaw River Basins and
Atlantic Intracoastal Waterway in South Carolina.

conductance values were simulated for each incremental rise in sea level and each incremental
reduction in streamflow from July 1995 to August 2009.
Findings: Results for the Pawleys Island stream gauge (station 021108125), just downstream from
a municipal freshwater intake, were selected for this analysis (Figure 9.13). The model satisfactorily simulates the specific conductance in the 2000-µS/cm range and accurately simulates the high
intrusion events in the fall of 2002 and 2008 that exceeded 10,000 µS/cm.
Operations at municipal water treatment plants become more difficult if specific conductance
values for source water exceed 1000 to 2000 µS/cm. Figure 9.14 shows the number of days that
specific conductance values exceeded thresholds of 1000, 2000, and 3000 µS/cm for the 14-year
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FIGURE 9.14 Number of days that specific conductance (SC) thresholds would be exceeded at Pawleys
Island Station (gauge 021108125) in South Carolina for (a) sea level rise up to to 3 feet, and (b) with decreased
historical flows concurrent with a 1-foot sea level rise.

simulation period. For example, daily specific conductance >2000 µS/cm historically occurred for
almost 200 days (Figure 9.14), during which the municipal intake was unavailable. A one-foot sea
level rise would double the number of days the municipal intake is unavailable to 400 days and a
two-foot rise increases the unavailability to nearly two years (700 days).
Changes in precipitation patterns that are caused by changes in the climate have the potential
to decrease streamflow to the coast. Salinity intrusion occurs during low streamflow periods; a
decrease in streamflow combined with a sea level rise could increase the duration of salinity intrusion. For a specific conductance threshold of 2000 µS/cm, a one-foot sea level rise combined with a
10% decrease in historical streamflow would increase the days the municipal intake is unavailable
by 25%, or an additional 100 days (Figure 9.14). A 25% reduction of low streamflow levels increases
the incidences of intake unavailability to >700 days.

MANAGEMENT OPTIONS FOR MITIGATION AND ADAPTATION
Our analyses clearly show that climate change and its impacts on water quantity and quality have
occurred in several subregions of the South. Although climate scenarios for the next several decades
do not agree about the magnitude or direction of the expected changes for some variables (especially precipitation), they all point toward a climatic regime that the region has not experienced
before (Milly et al. 2008). This would require a reevaluation of forest water resource management
methods, even for those practices that have been successful in the past (Galloway 2011), because
they were developed for previous climate characteristics. Existing historical records from individual
forest monitoring sites may be too short to be useful in accurately forecasting the impacts of climate
change, but the accumulated data from many sites provide a foundation for developing mitigation
and adaptation methods in forest environments of the future. Computer simulation models provide
valuable tools for identifying the potential risks and consequences of climate change and for helping
land managers design response actions that minimize adverse impacts.
Various risks to natural ecosystems (Carlisle et al. 2010) and society can result from climate
change impacts on water resources (Table 9.6). Innovative adaptation options are needed to reduce
or adapt to the severe consequences of climate changes, such as water supply shortages, habitat
loss, and increased wildfires. Best management practices (BMPs) that have been found to be most
effective in reducing nonpoint source pollution will likely need to be enhanced and revisited so that
they best reflect future hydrologic and management conditions. Integrated watershed management
that enhances ecosystem resilience to climate disturbances and maintains ecosystem services—
including climate moderation and mitigation—would improve adaptation efforts. Below, we discuss
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TABLE 9.6
Potential Adaptation Options to Managing Hydrologic Impact and Risks from
Climate Change
Hydrologic Impacts
Water supply stress increase

Water shortage; drying up of drinking
wells; consequences to aquatic
ecosystems, socioeconomics, and
businesses

Evapotranspiration increase

Hydrologic droughts; wildfires; insect,
disease outbreaks
Flooding; increased soil erosion and
sedimentation

Increase of peakflow,
stormflow volume, floods
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Risks to Ecosystems and Society

Low flow decrease

Water quality degradation; fish habitat
loss; reduced transportation capacity

Wetland hydroperiod change

Wildlife habitat loss; carbon dioxide
emission
Water quality degradation; loss of cold
fish habitat
Water quality degradation; siltation of
reservoirs; increase of cost of water
treatment

Stream water temperature
increase
Soil erosion, sedimentation
increase

Chemical loading increase

Water quality degradation; higher cost of
water treatment

Adaptation Options
Maintain watershed health, thinning
forests; reduce groundwater and
surface water use for irrigation of
croplands and lawns; enhance
water conservation
Use native tree species; reduce tree
stocking
Reduce impervious areas; increase
stormwater retention ponds;
increase evapotranspiration by
increasing forest coverage
Reduce off stream water withdrawal;
adjust water outflow from
reservoirs
Plug ditches; adjust water outflow
from reservoirs
Maintain riparian buffers and
shading
Enhance best management practices
(BMPs) for forest roads; redesign
riparian buffers; minimize direct
discharge of runoff from roads to
streams
Maintain streamflow quantity; forest
best management practices (BMPs)

management options and offer some recommendations to address specific water resource concerns
related to climate change.
Gunn et al. (2009) recommend a toolbox approach with the three strategies of resistance, resilience, and response. Resistance strategy is a set of short-term approaches to address immediate
threats and focuses on minimizing the impacts of disturbance that are exacerbated by climate
change. Resilience strategy is both a short- and long-term approach to address the capacity of a forest stand or community to recover from a disturbance and return to a reference state. Response—the
most costly strategy to facilitate the movement of species over time—requires acceptance of a level
of uncertainty that will be uncomfortable for many forest managers and relies on close collaboration
with forest ecologists, silviculturists, and other specialists.

Sea Level Rise and Hurricanes
Close proximity to the ocean makes some Coastal Plain ecosystems extremely vulnerable to hurricanes and sea level rise, both of which are linked to climate change and variability. Louisiana,
Mississippi, Alabama, and Florida are projected to see significant increases in salinity levels associated with saltwater intrusion, as well as a degraded quality of the inflows. Forests in low-lying areas
such as mangroves in Florida and cypress (David et al. 2010) are particularly vulnerable to sea level
rise and increased air temperature. Other concerns are more wildfires and more areas where pine
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species are apt to be favored. More frequent, high-intensity summer rainfall may lead to downstream
flooding in certain areas. Higher water temperatures and changes in freshwater delivery will likely
alter estuarine stratification, residence time, and eutrophication. Occurrence of many stressors—such
as pollution, harvesting, habitat destruction, invasive species, land and resource use, and extreme natural events—if concurrent would intensify hydrologic responses.
A first step might be to redesign forest road cross-drainage structures using projected high-
intensity storms. Coastal areas are expected to see more land development and urbanization with
continued population growth. Handling increased stormwater runoff from intense rainfall on flat
lands and poorly drained soils requires special designs of urban BMPs. Protection of natural wetlands would maintain their hydrologic functions and buffer disturbances at the landscape level.
Resilience and vulnerability evaluation of artificially drained managed forests will be more accurate if they incorporate projected future hydrology.
Although increases of sea level rise and decreases in streamflows show substantial effects that
would have operational consequences for municipal water-treatment plants in coastal areas, the climate scenarios that were used for our projections would help water resource managers plan for mitigation efforts to minimize the effect of increased salinity of source water. Mitigation efforts may
include timing of withdrawals during outgoing tides, increased storage of untreated runoff, timing
larger releases of regulated flows so that the saltwater–freshwater interface moves downstream,
and blending higher conductance surface water with lower conductance water from an alternative
source such as groundwater.

Extreme Precipitation Events and Low Flows
Our results suggest that forest management activities that fall short of changing forest composition or stand structure after a clear-cut will not substantially alter streamflow responses to extreme
precipitation events. Although often statistically significant, differences among annual streamflow responses were small under mean climate conditions versus observed or projected extremes
in annual drought or high annual precipitation, and would result in changes that range from 7%
increases to 5% decreases. These results suggest a limited capacity to create watershed conditions
more resilient to extreme annual precipitation than native hardwood forests managed using traditional forestry practices that rely on natural regeneration. In contrast, management activities that
converted deciduous hardwoods to pine monocultures substantially lowered streamflow in times of
extreme annual precipitation; such actions may reduce flood risk but also exacerbate drought. This
argues for careful consideration of the tradeoff between managing forests for opposite extremes
during contingency land use planning.
Landowners and policy makers both look to forests as a means to offset climate change effects
(Pacala and Sokolow 2004) and to forest managers to create ecosystems that are more resilient to
extremes and changing climate (Baron et al. 2009). We have shown that in Appalachian-Cumberland
Highland watersheds, changing forest cover through species conversions affects streamflow and
thus downstream water supply in ways other than what would be expected from unmanaged forests;
however, forest cover change also affects many other ecosystem services, including carbon sequestration (Liao et al. 2010). Forests cannot be managed solely for water resources without affecting carbon sequestration, and vice versa (Jackson et al. 2005). Whether increasing forest cover or
converting deciduous to pine forest cover will mitigate climate change is uncertain (Jackson et al.
2008), but our study shows the potential of forest management to mitigate against the hydrologic
impacts of extreme annual precipitation associated with climate change.
In light of predicted decreases in low flows, water resource conservation and hydrological system
protection will become vitally important for keeping the minimum streamflow required to prevent
significant harm to water resources. Management practices that help to reduce water use, reclaim
wastewater, and enhance infiltration and groundwater discharge to streams may become important
tools in mitigating climate change impacts on low flows.
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Climate change has the potential to degrade water quality. Because our research indicates that climate change will likely increase stream temperatures, the most effective mitigation options would
be those that focus on decreasing stream temperature through management, particularly in the
summer months (Swift 1973, 1982; Wooldridge and Stern 1979). Maintaining or increasing shading
from solar radiation through riparian buffer retention, conservation, or restoration has been shown
to decrease stream temperatures (Burton and Likens 1973; Kaushal et al. 2010; Peterson and Kwak
1999; Swift 1973, 1982; Swift and Messer 1971).
Wide BMP usage has helped control nonpoint source pollution, including sediment loading to
water bodies. To mitigate climate change impacts, BMP adjustments may be necessary to address
anticipated increases in storm flow, soil erosion, and sediment. If climate change alters rainfall patterns as predicted, the size of large runoff events (such as the 20-year storm) will likely increase;
to put it another way, the current 20-year storm will occur more frequently. Storm intensity in
general is predicted to increase, requiring larger capacity in forest road drainage structures and
BMP improvements to reduce the effects of increased storm water discharge. Possibilities for BMP
innovations to handle future climate conditions in forested watersheds are:
Broad-based dips: Current standards are based on road grade. Compensating for increased runoff will require adjustments to the relationship between road grade and distance from one dip to the
next; for a given road grade, the distance from one broad-based dip to the next would need to be
shorter with increased rainfall amount/intensity. The alternative would be to modify design criteria
of the dip itself to allow increased volumes of storm flow.
Culvert and other cross-drainage structure size: Increasing the size of culverts, causeways for
forest roads and drop structures, and gully check dams for a given drainage area may be required. An
alternative would be to install hooded inlets that increase culvert capacity. In situations where road
elevation is limiting, hooded inlets would decrease the need for additional fill at channel crossings.
Riparian buffers: Increasing the use of riparian buffers would be most helpful. In addition,
increased buffer widths may be needed to improve the capacity of undisturbed stream side zones
to absorb potential overland flow resulting from more frequent, extreme storm events. The Effective
Functional Width is a tool for illustrating how increased overland flow during intense storms can
decrease the capacity of a riparian buffer of a given width to protect water quality. Figure 9.15 depicts
EFW = 1.0
(baseline)

d
Increasing buffer width
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FIGURE 9.15 Theoretical model for maintaining the effectiveness of a stream buffer for reducing surface
water quality degradation; EFW is the effective buffer width.
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the decision space for buffer width determination. Under undisturbed conditions a given parameter
has a value of 1.0, indicating an inherent capacity of the riparian zone to absorb materials being
transported downslope as a result of prevailing levels of erosion and decomposition. After disturbance
(such as a timber harvest), the condition of the parameter deteriorates by some factor depending on its
sensitivity to the effects of the land-disturbing activity. In order to maintain an acceptable level or condition of a given parameter, riparian buffer width adjustments would be needed. If a 25% or even 50%
reduction in the condition of the parameter is tolerable, and is itself the most limiting or most sensitive
parameter in that system, then narrower buffers may be assigned. Further, buffer width is a function of
some measure of rainfall intensity so that for a given maximum expected intensity/amount/duration,
buffer width may be adjusted to maintain an acceptable level of parameter condition.
Storm water management: Often, the management of forested watersheds is intended to regulate
water yield, a paradigm that may need reorienting toward management of peak flows to face the
challenges of climate change. Road design and construction practices may be needed that more
effectively disconnect the road system from the stream network; this would slow flow routing dur
ing extreme events and increase belowground storage. Storm water management that maximizes
opportunities for infiltration would reduce the impact of extreme storm events on peak flows.
Further, predicted increases in peak storm water discharge would place increased demand on water
treatment facilities, often resulting in discharge of untreated effluent. Improvements such as water
gardens, porous parking lots, sediment basins, and sustainable urban drainage systems that incorporate urban forestry practices would encourage infiltration, reduce needed treatment facility capacity,
and ultimately reduce the risk of degraded surface water quality.
Other human influences not related to forest management may help mitigate the impact of climate
change on stream water quantity and quality. For example, deep-water releases from reservoirs can
have a cooling effect similar to groundwater, and municipal wastewater from a deep underground
pipe can cool streams in the summer and increase baseflow (Bogan et al. 2003). Wastewater discharge
as a means to reduce stream temperatures should be used with caution, as it may also have a warming effect in winter months. Re-using treated wastewater helps to reduce higher-temperature effluent
volume entering streams (Kinouchi et al. 2007), and decreasing water withdrawals from streams
through water conservation may help maintain a more stable temperature (Webb and Nobilis 1995).
Increasing shaded stormwater retention wetlands, increasing urban tree canopy over any runoff surface, and reducing impervious surface area (Peterson and Kwak 1999) can all help decrease stream
temperatures, particularly in urban areas or areas where the riparian vegetation has been degraded.

Moderating Climate and Mitigating Impacts through Forest Restoration
and Afforestation
Natural and managed forests provide the best water quality among land uses (Lockaby et al. in
press). In addition, forests can also modulate regional climate by controlling energy and water transfers between the atmosphere and forested land-surface (Chen et al. 2012; Liu 2011; Liu et al. 2008;
Sun et al. 2010). Past agriculture-to-forest land conversion in the South may have led to significant
changes in land-surface energy and water processes, including an increase in solar radiation absorbed
by the land surface caused by the lower light reflection of forests (Liu 2011). An increase in absorbed
radiation provides more energy for heat transfer from the land surface to the atmosphere through
sensible and latent heat fluxes and increasing evapotranspiration, which ultimately reduce runoff and
water yield. These changes in land-surface processes can further change atmospheric dynamics and
hydrologic processes, including precipitation and soil moisture. Some simulation studies have indicated that precipitation is likely to increase with large-scale afforestation (Liu 2011).
Forest restoration and afforestation are expected to play an important role in mitigating the
impacts of climate change. A plan to plant over 7 million ha of new trees by 2020 to replace pasture
and farming lands in the South, as well as in the Great Lake states and the Corn Belt states (Watson
2009) is even larger than the one carried out by the Civilian Conservation Corps during the Great
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Depression, which planted 3 billion trees from 1933 to 1942. Although its primary purpose would
be to mitigate the greenhouse effect by increasing the capacity of forests to remove atmospheric
CO2, this effort would also be useful in mitigating the impacts of the greenhouse effect on forest
water conditions.
Mitigating the hydrologic impacts of climate change through forest restoration and afforestation is a complex issue. Achieving the mitigation goal requires consideration of many factors when
making restoration or afforestation plans. First, approaches for changing forest hydrologic conditions in an afforested area can be different or even opposite of those for surrounding landscapes.
Differences can even exist within the afforested area, depending on local atmospheric patterns and
physiography. Second, vegetation types are expected to change in the future as a result of climate
change. For example, some deciduous forests in the region’s upper latitudes are projected to change
to savanna communities, and some coastal mixed forests to conifer woodlands (Neilson et al. 2005).
Ideally, future afforestation would be done in the places where forests are projected to be most
degraded by climate change. Finally, one mitigation tool could have mixed outcomes. For example,
afforestation may increase soil water storage by increasing precipitation and decreasing runoff, but
may also reduce it by increasing evapotranspiration.

SUMMARY OF REGION-WIDE RESPONSES
Climate changes (increases in rainfall variability and air temperature) are happening across the
South and are predicted to continue in the near future.
• Climate warming would result in increased water loss through evapotranspiration through
increased evaporative potential and plant species shift, and thus, under a similar precipitation regime, climate warming could cause decreased total streamflow, low flow rates, and
regional water supply.
• Decreased precipitation in the western Coastal Plain and Mid-South would have serious
impacts on water availability and aquatic habitat.
• Water supply stress is projected to increase significantly by 2050, the result of hydrologic
alterations caused by climate change and increased water use by key economic sectors
such as domestic water supply, irrigation agriculture, and power plants; water stress will
likely be more severe in the summer season.
• Runoff and soil erosion are projected to increase in some areas, the result of changes in
rainfall that either increase rainfall erosivity or decrease vegetative cover protection.
• Water temperature is projected to increase with air temperature rise, resulting in possible
impacts on coldwater fish habitat in the Appalachian-Cumberland Highland.
• Salinity intrusion in coastal fresh water systems is likely to increase in response to sea
level rise and decreased fresh-water inputs from uplands—both consequences of climate
change.
• Forest management has the potential to mitigate or reduce damage from hydrologic
extremes and degraded water quality caused by climate change, but practices must be
applied judiciously to avoid unintended consequences.
• Existing BMPs will need adjustments and enhancement to increase watershed resilience to
the likely adverse impacts of climate change on water quantity and quality.

CASE STUDIES
The South has diverse physiographic and socioeconomic characteristics, and thus water resource
distribution, water use patterns, and response to climate change vary across the region. This section
uses four case studies to provide a closer look at some of the water resource issues facing the Coastal
Plain, Mississippi Alluvial Valley, Mid-South, and Appalachian-Cumberland Highland.
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Booming coastal development and climate change are two major environmental concerns in the
Coastal Plain (Williams et al. 2012). Much of the South’s lower Coastal Plain (along the Gulf of
Mexico and the southeastern coast of the Atlantic Ocean) consists of natural and managed forests,
depressional wetlands, pine flatwoods, riparian buffers, and bottomland hardwoods on brackish
waters (Lockaby et al. in press). Research from Santee Experimental Forest in South Carolina and
two sites in North Carolina is used to examine how climate change is affecting lowland forests in
the Coastal Plain.
The rich soils and relatively flat landscape of the Mississippi Alluvial Valley have long supported
an economy dominated by agriculture and forestry. However, in recent years concerns are growing
over future water supplies as water demands by agriculture increase. Using data from the Yazoo
River basin in Mississippi, we examine how climate change may affect the amount and timing of
water supplies in this subregion.
The Appalachian-Cumberland Highland has the highest concentrations of interior forest in
the South (Wear and Gries 2002) and the most rugged terrain. Most climate scenarios disagree
on whether precipitation amounts will increase or decrease for this subregion, but agree that an
increase in frequency of precipitation extremes will occur. Research from the Coweeta Hydrologic
Laboratory in North Carolina is used to investigate how typical forest management systems might
affect peak streamflow amounts under climate change scenarios in forests of the AppalachianCumberland Highland.
Some of the largest and most continuous forest areas in the Mid-South occur in the Ouachita
Mountains. An important concern of forest managers here and elsewhere in the Mid-South is how
climate change may affect surface erosion and sediment delivery to streams and water bodies. Using
simulation modeling, we examine how sediment risks would change in the Ouachita National Forest
of Arkansas and Oklahoma under future climate conditions.

Case Study 1: Coastal Plain
The forested landscapes of the lower Coastal Plain are characterized by poorly drained soils with
near-surface water tables and low topographic relief. When managed properly, these lands are highly
productive for agriculture and commercial forestry (Amatya and Skaggs 2001). Because of their
close proximity to sensitive estuarine ecosystems, these landscapes are vulnerable to large freshwater
runoff from upstream, tropical storms, tidal surges, and saltwater intrusion from rising sea levels.
Flow generation within forested wetland watersheds may reflect a mechanism wherein saturation
of the upper soil layer and forest floor produces surface runoff and rapid lateral transfers within this
highly conductive layer (La Torre Torres et al. 2011; Sun et al. 2000b). Rapid rise of shallow water
tables during rainfall events is common in the Coastal Plain (Amatya et al. 1996; Sun et al. 2000b;
Williams 1978; Young and Klawitter 1968), and unlike upland watersheds, usually dominates
hydrologic responses. Total flow depends largely on the dynamics of the water table (hydroperiod),
which are driven by rainfall and evapotranspiration (Amatya et al. 1996; Amatya and Skaggs 2011;
La Torre Torres et al. 2011; Lu et al. 2009; Pyzoha et al. 2007). Because of high evapotranspiration
in the lower Coastal Plain, even third-order streams can lose all surface flow in normal dry periods
(Amatya and Radecki-Pawlik 2007; Amatya et al. 2009; Dai et al. 2010a; Williams et al. 2012).
In contrast, flooding problems during the winter wet periods are not uncommon within the Coastal
Plain (Amatya et al. 2006a; Sheridan 2002; Young and Klawitter 1968). Summer droughts in the
Coastal Plain are also on the rise (Karl et al. 2009).
Several general studies have been conducted to examine impacts of potential climate change
and variability on stream and drainage outflows, evapotranspiration, and water table depths on the
coasts of the lower Coastal Plain (Amatya et al. 2006b; Cruise et al. 1999; Dai et al. 2010b, 2011a,b;
Hatch et al. 1999; Lu et al. 2009; Sun et al. 2000b), with findings similar to those noted in earlier
sections. We use data from three research areas to determine if climate change impacts have already
occurred in the lower Coastal Plain or are likely to occur in the future. They show that (1) the lower
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Coastal Plain has seen an increase in air temperature with minimum temperatures increasing more
than the maximum; however, despite changes in temperature, changes in annual streamflows and
water table depths in one watershed were not observed; (2) increased frequency of large storms is
likely to impact forest plant communities and increase flood occurrence; and (3) increased spring
and summer droughts will likely make forest vegetation vulnerable to stresses caused by high
evapotranspiration demands.
Santee Experimental Forest: The U.S. Forest Service established the Santee Experimental Forest
within the Francis Marion National Forest (about 55 km northwest of Charleston, South Carolina)
to conduct scientific research on forests and water in a Coastal Plain setting (Amatya and Trettin
2007). This site is characteristic of the subtropical area of the Atlantic coast with long and hot summers followed by short, warm, and humid winters. The mean annual temperature (1946–2007) is
18.5°C, and the mean annual precipitation is 1370 mm. In the past 60 years, extreme temperatures
have exceeded 40°C in summers and fallen below –14°C in winters.
Dai et al. (2011b) reported that global warming caused a rapid (0.19°C per decade) increase in
surface air temperature during the last 63 years at the Santee (Figure 9.16). The increase in mean
annual temperature was slow or within normal variability from 1946 to 1969 but accelerated after
1969. The increase rate of the mean daily minimum temperature (0.26°C per decade) was twice as
much as that of the mean daily maximum temperature (0.13°C per decade). The annual minimum
temperature increased at a rate of 0.38°C per decade in the last 63 years (p < 0.05), accompanied by
a large fluctuation. However, there was a downward trend in the annual maximum of about 0.19°C
per decade (p < 0.05). These results indicate that the current warming trend has had a larger effect
on lower temperatures than on higher ones in this area (Dai et al. 2011b).
The temperature increase rate at the Santee (0.19°C per decade) in the last 63-year period is
substantially higher than the global mean increase rate of 0.07°C per decade during the twentieth
century (Intergovernmental Panel on Climate Change 2001), about 0.06°C per decade higher than
the global rate for land in the same time period (Hansen et al. 2010), and approximately the same
as the global mean of 0.2°C per decade since 1976 (Hansen et al. 2006; Trenberth et al. 2007). The
Santee results indicate that warming in this area became apparent six years prior to it becoming
discernible globally (Hansen et al. 2006).
The year-to-year variability of precipitation in the Santee was large over the last 63 years. Annual
precipitation ranged from 835 to 2026 mm, with a mean of 1370 mm (Dai et al. 2011b). Although
the variations in annual precipitation exhibited an upward trend from 1946 to 2007, the increase
3.0
2.0
Temperature change (°C)
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FIGURE 9.16 Temperature change from 1946 to 2008 at the Santee Experimental Forest on the South Carolina
coast.

281

Managing Forest Water Quantity and Quality under Climate Change

Streamflow (mm)

400
300
200
100
0

0

200
400
Precipitation (mm)

600

rate was not statically significant (p > 0.1). This upward trend was probably a result of a three-year
drought period in the 1950s or from a multi-decade precipitation fluctuation. The mean number of
large storm event (>50 mm) increased from 4.4 times per year from 1946 to 1981 to 5.7 times per
year from 1982 to 2008. However, there was no significant upward trend in the last 63 years as a
whole. This suggests that an increase in storm frequency may still be developing in this area.
Streamflow within the low-gradient forest watersheds largely depends on precipitation and
evapotranspiration. As a result, first-order streams can be without flow during summer with high
evapotranspiration demand and may flood during wet winters or summers that see large events like
tropical storms. A scatter plot of monthly streamflows from all first- and second-order watersheds
with monthly rainfall at Santee shows a significant (p < 0.01) relationship (Figure 9.17) showing the
strong dependence of streamflow on precipitation. If storm intensity increases because of climate
change, the frequency of high streamflows that produce flooding is likely to increase as well.
Vegetation damage from Hurricane Hugo caused streamflow impacts that continued for several years following the disastrous 1989 storm (Figure 9.18). The observed streamflow within the
14-year period after the hurricane is above the trend line, although mean annual precipitation was
about 45 mm lower than the mean in the observation period (1965 to 2007). The high streamflow
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FIGURE 9.17 Relationship of monthly streamflow to precipitation from 1950 to 2000 at the Santee
Experimental Forest on the South Carolina coast.

600

Before 1990 and after 2003
1990–2003

500
400
300
200
100
0
800

1000

1200

1400
1600
Precipitation (mm)

1800

2000

FIGURE 9.18 Impact of annual precipitation on annual streamflow on watershed 77 and watershed 80 from
1990 and 2003 at the Santee Experimental Forest on the South Carolina coast. The blank diamonds represent
the relationship between precipitation and streamflow between 1990 and 2003 after Hurricane Hugo in 1989.
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rate in the years following the hurricane was caused by destruction of over 80% of the canopy at this
site (Hook et al. 1991), which undoubtedly caused a substantial decrease in the evapotranspiration
demands of plants. These results are consistent with those reported by Shelby et al. (2005) for sites
in the North Carolina Coastal Plain. However, the flow recovered about 10 years after the hurricane
as the vegetation regenerated on the North Carolina watersheds (Williams et al. 2012).
A significant decrease (p < 0.02) in water table depth occurred from 1964 to 1993 because of
annual precipitation increases (Figure 9.19). High water table level in this area in summers and
autumns is mostly related to high precipitation (Amatya and Skaggs 2011; Amatya et al. 2009; Sun
et al. 2000a).
The water table level was high throughout most of the winter–spring (December–February) seasons (Dai et al. 2011b) consistent with other studies by Amatya and Skaggs (2011). However, precipitation in these seasons was much lower than that in summers. The high water table level in winters
or early springs is primarily caused by a low demand in evapotranspiration, indicating that evapotranspiration is one of the key factors that influence groundwater depth in these first-order watersheds
(Amatya and Skaggs 2011; Amatya et al. 2009). These results indicate that if evapotranspiration
increases because of climate change, water table depths may also increase in the Santee watersheds.
Williams et al. (2012) examined how Hurricane Hugo affected streamflow using historical
streamflow data from a control (watershed 80, a first-order, forested watershed within the Santee,
not harvested) and a treatment (watershed 77, salvage harvest after damage) watershed. They found
that the watershed 80 had lower flow than watershed 77 during the pre-Hugo period, a relationship
that reversed in 1993. The reversal continued for nearly 10 years, after which the streamflow of
watershed 77 returned to near reference level. One explanation may be that increased evapotranspiration by the regenerating vegetation caused the lower streamflow (Amatya et al. 2006a; Williams
et al. 2012).
To predict likely hydrologic response to future climate change, we applied a physically based
distributed wetland hydrological model, MIKE SHE (Danish Hydraulic Institute 2005; Lu et al.
2009), to watershed 80 (Dai et al. 2010a). The MIKE SHE model links the hydrology with forest vegetation through the leaf-area index, rooting depth, and canopy storage capacity. Modeling
results (Figure 9.20) suggest that the annual mean streamflow would increase or decrease by 2.4%
with a 1% increase or decrease in precipitation, and decrease with an increase in air temperature.
A quadratic polynomial relationship (Dai et al. 2011a) described the relationship between changes
in groundwater table depth and precipitation (Figure 9.19). Both the mean annual water table depth
60
Anomalies of WT and rainfall (cm)
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FIGURE 9.19 Impact of annual precipitation on annual mean water table on watershed 77 at the Santee
Experimental Forest on the South Carolina coast (Dai et al. 2011b). WT is annual mean water table depth; rain
is annual precipitation.
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FIGURE 9.20 Simulated sensitivity of hydrologic responses to potential climate change at watershed 80 at
the Santee Experimental Forest on the South Carolina coast: (a) streamflow response to precipitation, (b) water
table response to precipitation, (c) streamflow response to air temperature, and (d) water table response to air
temperature.

and mean annual streamflow decreased with an increase in temperature within the range of 0–6°C
(Figure 9.20).
Carteret site: The Carteret site is on a typical Coastal Plain landscape in Carteret County in
North Carolina and is owned by the Weyerhaeuser Company. The research site, established in late
1987, consists of three artificially drained experimental watersheds (D1, D2, and D3), each about
25 ha, covered with loblolly pine plantations. Details of all the hydrometeorological measurements
and forest hydrologic studies at the site have been documented elsewhere (Amatya and Skaggs 2011;
Amatya et al. 1996, 2000, 2003, 2006a, 2006b; Tian et al. 2011).
Annual rainfall ranged from 852 mm in 2001 to 2308 mm in 2003, with the 21-year mean
of 1517 mm, which was 8% higher than the 50-year (1951–2000) long-term mean of 1390 mm
observed at the nearby Morehead City weather station. Similar to the Santee, no statistically significant change (α = 0.05) was apparent in the 21-year rainfall series at the Carteret site. January
showed the largest decrease followed by October and December. Hurricanes occurred in 7 of
the 21 years, mostly in September. Consequently, the mean rainfall of 552 mm from July to
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September was significantly higher than other seasons, accounting for a third of the mean annual
rainfall.
Although the 0.44°C rise in observed mean annual temperature during the entire 21-year period
was not statistically significant (α = 0.05), the 0.85°C rise from 2000 to 2008 was highly significant (Figure 9.21) and is consistent with other recent studies (Chapman and Davis 2010). The mean
annual increase in net radiation (in evaporation equivalent energy units) of 430 mm from 1988 to
2008 was also significant. This radiation increase produced an estimated 270 mm increase in the
annual Penman–Monteith potential evapotranspiration for a grass reference during the same period
(Figure 9.21). The annual runoff coefficient, defined as the percent of rainfall occurring as streamflow, varied from 5% in 2001 to as large as 56% in 2003, the wettest year. The mean annual runoff
coefficient of 32% was somewhat higher than the published data for similar conditions. Annual
streamflow did not change during the 21-year period. Similarly, the 21-year annual mean water table
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FIGURE 9.21 Annual trends in 21-year hydrologic variables at the Carteret study site in North Carolina:
(a) temperature, (b) potential evapotranspiration, (c) evapotranspiration, (d) rainfall, (e) outflow, and (f) water
table elevation. (Adapted from Dai, Z. et al. 2011a. Atmosphere 2: 330–357, doi:10.3390/atmos2030330.)
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depth (96 cm) did not change despite the pine trees growing from 14 to 35 years stand age during
that period and increases in temperature and potential evapotranspiration (Figure 9.21). Field data
suggest the site is not water-limited except in extreme dry years (Amatya and Skaggs 2011; Sun
et al. 2002). The combination of precipitation and air temperature rise appears to dictate future
hydrologic change for this study site.
Parker Tract site: The Parker Track study site near Plymouth, North Carolina was established
in late 1995 by Weyerhaeuser Company and North Carolina State University (Amatya et al. 2003).
The landscape has a flat topography and poorly drained mineral or organic soils. Vegetation ranges
from second-growth mixed hardwood and pine (Pinus spp.) forest to loblolly pine (P. taeda) plantations of various stand ages. Intensive hydrometeorological measurements at this site were conducted
from 1996 to 2004 to support a variety of watershed studies (Amatya et al. 2003, 2004, 2006a,
2006b; Appelboom et al. 2008; Fernandez et al. 2006, 2007). Since 2005 studies have been shifted
to understand how the coupling of management and climate disturbance affects forest ecosystem
carbon and water balances (Noormets et al. 2010; Sun et al. 2010).
A simulation study was conducted to evaluate the potential effects of climate change on the
hydrology of a 2950-ha managed pine forest at the Parker Tract site (Amatya et al. 2006b). The
DRAINWAT model (Amatya et al. 1997) was first validated with a 5-year (1996–2000) data series
from the study site (Amatya et al. 2004) and then run for the 1951-to-2000 period using historical
weather data from Plymouth to determine the long-term hydrology. Separate simulations were conducted with 2001-to-2025 climate datasets projected by two General Circulation Models: CGC1 and
the HadCM2 (Kittel et al. 1997). Simulation results (Figure 9.22) indicated that the CGC1 model
yielded a significantly (p < 0.0001) lower mean total outflow (167 mm) than historical climate data
or the HadCM2 model (380 mm). The decrease in outflow resulted from the drier conditions predicted by the CGC1 model relative to those predicted using the historical data. The 5% increase
in rainfall using the HadCM2 model appeared to have no effect on runoff but may increase the
evapotranspiration of this pine forest. The drier climate scenario (CGC1) did increase forest evapotranspiration compared to the historical data and was similar to predictions by the wetter (HadCM2)
climate scenario (Figure 9.22). The water table depths based on the CGC1 model were deeper
compared to those based on the HadCM2 model. However, the deeper annual water table depths
predicted using both climate scenarios did not reduce the water table depth to the extent that evapotranspiration was limited by soil water depletion in the root zone. We concluded that both climate
scenarios had very little or no impact on evapotranspiration, indicating the temperature increase has
less of an effect on the soil moisture than does increased rainfall.

Case Study 2: Mississippi Alluvial Valley
Located within the Mississippi Alluvial Valley, the Yazoo is the largest river basin in Mississippi,
with a total drainage area of 34,600 km2. The goal of this study was to estimate the potential impact
of future climate change on hydrologic characteristics in the Yazoo River Basin using an integrated
hydrologic simulation model. This study developed a site-specific model for the Yazoo based on
watershed, meteorological, and hydrological conditions. The calibrated and validated model was
applied to predict the potential impact of future climate changes upon streamflow under multiple
climate change scenarios.
Study watershed and data acquisition: The Yazoo basin is separated equally into two distinct
topographic areas: the Bluff Hills and the Mississippi Alluvial Delta (Guedon and Thomas 2004;
Mississippi Department of Environmental Quality 2008; Shields et al. 2008). The Bluff Hills area
is a dissected, hilly, upland area where streams originate from a mixture of pine (Pinus spp.), pinehardwood, and oak-hickory (Quercus spp., Carya spp.) forests, and pastures. The residual and alluvial soils in this area are originally derived from loess and are highly erodible. This area supports a
variety of land uses with forestry and small-scale agriculture predominating. The Delta area is a flat
lowland with a highly productive agricultural economy (Mississippi Department of Environmental
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FIGURE 9.22 Annual rainfall at the Parker Tract site predicted by two general circulation models (HadCM2
and CGCI) for (a) drainage outflows, (b) runoff coefficients, (c) evapotranspiration, and (d) mean water table
depths, as predicted by DRAINWAT using a 25-year climate scenario data series.
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Quality 2008). The fine-textured, alluvial soils in this area are derived from past deposition by
the ancestral Mississippi and Ohio Rivers (Guedon and Thomas 2004). Overall, the Yazoo area
considered in this study is comprised of 31.8% (196 km2) cropland, 4.4% (27.3 km2) wetland, 0.3%
(1.8 km2) barren, 1.8% (11.5 km2) urban, and 61.7% (381.2 km2) forest uses. Environmental, climatic, and hydrologic data for the Yazoo (watershed 08030208) were obtained from a variety of
public sources. Past climate data were obtained from weather stations or streamflow gauging stations within the Yazoo. These data were adjusted to represent the entire Yazoo basin. Potential
evapotranspiration data were computed based on air temperature. These past climate data were used
only for model calibration and validation purposes.
Four future climate scenarios were used in this study: HadCM B2, CSIROMK2 B2, CSIROMK3.5
A1B, and MIROC3.2 A1B. The data used are monthly air temperature and precipitation for a period
from 2000 to 2050, which were computed for each U.S. Geological Survey 8-digit Hydrologic Unit
Code (HUC) watershed within the Yazoo. These four climate scenarios were used to assess the
impact of future climate changes on water discharge, evaporative loss, and water yield.
Model development: Two modeling systems are used in this study: the Better Assessment of
Science by Integrating Point and Nonpoint Sources (BASINS) model (U.S. Environmental Protection
Agency 2010) and the Hydrological Simulation Program-FORTRAN (HSPF) model (Bicknell et al.
2001). The BASINS system integrates a geographic information system, standardized environmental databases, and state-of-the-art modeling tools into one convenient package (U.S. Environmental
Protection Agency 2010). The hydrological model is a comprehensive model for simulating many
hydrologic processes within watersheds of almost any size and complexity (Bicknell et al. 2001).
Model calibration was done using a 5-year period from January 1, 2000 to December 31, 2004.
To reduce uncertainty in the calibration process, only the six hydrologic parameters most sensitive to the hydrological model predictions (Donogian et al. 1984) were adjusted. The differences
between the observed and predicted annual water outflow volumes for the calibration and validation
period were within an acceptable range (Bicknell et al. 2001).
Effects of climate change on streamflow: Comparison of mean annual water-yield for the past
10 years (2001–2011) versus 40 years in the future (2011–2050) under the four climate scenarios
indicates a continuing decrease (Table 9.7). The percent change in mean annual water yield varied
from 29.47% for the CSIROMK3.5 A1B scenario to 18.51% for the MIROC3.2 A1B scenario, with
all four climate scenarios indicating continuing decreases out to 2050. The same downward trends
were observed for maximum annual water yields. The decreases in mean and maximum annual
water yields were primarily the result of the projected precipitation decrease. Mixed results were
found for the mean annual evaporative loss, with the CSIROMK2 B2 scenario indicating a longterm increase and the other three scenarios indicating a long-term decrease. Further research is thus
necessary to better determine how evaporative losses will respond in the future.
Figure 9.23 shows the minimum, mean, and maximum values for monthly discharge rate and
water yield (measured at the outlet of the watershed) under the four climate scenarios during the
40-year simulation period (2011–2050). In general, the MIROC3.2 A1B scenario produced the highest monthly minimum, mean, and maximum discharge rate and flow volume in most years because
it forecasted the highest annual precipitation (Table 9.7). Overall, the mean and maximum annual
discharge rates were projected to decrease in the Yazoo because of a decrease in precipitation during the next 40 years. Projected precipitation changes had profound impacts on flow discharge rate
and annual water yield in this Mississippi Alluvial Valley watershed.

Case Study 3: Appalachian-Cumberland Highland
Extreme events often present greater challenges to water resource managers than those presented by
average conditions. In this case study, we asked whether climate impacts within the AppalachianCumberland Highland may be either mitigated or exacerbated by forest management practices
that alter land cover. We used a retrospective analysis of long-term climate and streamflow data
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(mm/year)
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CSIROMK3.5 A1B
CSIROMK2 B2

1831
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2517
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6.5
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−15.2
22.9
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Maximum Annual
1317
2073
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a

Change
(%)

2001–2010
(mm/year)

2011–2050
(mm/year)

Water Yield
Change
(%)

2001–2050
(mm/year)

2011–2050
(mm/year)

Change
(%)

−10.0
−14.9
−23.7
8.0

237
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−23.7
−15.1
−29.6
−6.3

−7.8
33.4
−8.5
31.5

348
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352
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384
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385
139

9.3
42.2
8.6
20.2

The MIROC3.2 A1B, CSIROMK2 B2, CSIROMK3.5 A1B, and HadCM3 B2 climate scenarios for the Southern United States each combine a general circulation model (MIROC3.2,
CSIROMK2, CSIROMK3.5, HadCM3) with an emissions storyline (A1B storyline representing moderate population growth and high-energy use, and B2 representing lower population
growth and energy use).
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TABLE 9.7
Comparison of the Sum and Mean Values for Precipitation, Evaporative Loss, and Water Outflow between the Past 10 Years
and Future 40 Years in the Yazoo River Basin
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FIGURE 9.23 Simulated (a) monthly minimum, (b) mean, and (c) maximum discharge for the Yazoo River
Basin from 2011 to 2050, based on four climate change scenarios. The MIROC3.2 A1B, CSIROMK2 B2,
CSIROMK3.5 A1B, and HadCM3 B2 climate scenarios for the Southern United States (McNulty et al. in
press) each combine a general circulation model (MIROC3.2, CSIROMK2, CSIROMK3.5, HadCM3) with
an emissions storyline (A1B storyline representing moderate population growth and high energy use, and B2
representing lower population growth and energy use).

collected at the Coweeta Hydrologic Laboratory to determine whether streamflow from managed
watersheds responds differently from unmanaged reference watersheds when subjected to variation
in air temperature and extremes in annual precipitation.
The Coweeta Hydrologic Laboratory, located in western North Carolina, is a 2185-ha basin
wherein climate and hydrologic monitoring and forest watershed experimentation began in the early
1930s. The basin has a marine, humid temperate climate with frequent, small, low-intensity rainfall
events and annual precipitation averaging 1800 to 2300 mm, depending on elevation. Trend analysis
suggests that air temperature at Coweeta has increased significantly since the early 1980s (Laseter
et al. 2012). For this study, extreme precipitation years, both wet and dry, were identified according
to Guttman (1999).
Forest management treatments: We used the long-term streamflow records from six watersheds, each with a different management and land-use history. Two watersheds (watershed 1 and
watershed 17) were species conversion experiments from deciduous forests to evergreen, eastern
white pine (Pinus strobus) plantations at 1.8-m × 1.8-m spacing. Two watersheds at high and low
elevations (watershed 37 and watershed 7, respectively) were clear-cut using a range of techniques.
Another watershed (watershed 13) was subjected to successive clear-cutting separated by a 23-year
interval; the result was a multispecies coppice stand, in which the vegetation recovered via stump
sprouting from existing, well-established root stock (Leopold et al. 1985). The remaining treatment
watershed (watershed 6) underwent old-field succession following conversion of a mixed hardwood
forest to a grass cover. All these management activities are still widely practiced on both publicly
and privately managed forests in the Eastern United States, and thus represent prevalent land management strategies.

Climate Change Adaptation and Mitigation Management Options

Modeling the interactions of management and precipitation on annual streamflow: The effect
of management treatments on annual water yield was determined using the paired-watershed
approach. Our goal was to predict the streamflow response to management knowing streamflow
from an unmanaged watershed, a model of watershed response, and a model of the interaction of
the watershed response and precipitation. Our approach was conceptually similar to the classic
paired watershed regression approach detailed fully in Ford et al. (2011b). We found that interactions between watershed vegetation recovery and temperature were never significant and therefore
air temperature is not included in the final model.
We used statistically downscaled mean annual precipitation from two climate scenarios, MIROC3.2
A1B and CSIROMK3.5 A1B, representing low and high forecasts of mean annual precipitation, respectively, to project streamflow from 2010 to 2050. Along with forecasted streamflow from the reference
watershed, we modeled watershed treatment responses from the end of the observed series (2010) out
to the year 2050. We assumed that forest communities on the treated catchments were comparable
to the reference watershed in 2010, and that the original treatments were applied to the same catchments in 2011 (meaning that forest age was reset to 0 in 2011). We assumed that species composition
and structure (such as stocking and leaf area index) recovered over the ~40-year posttreatment period
comparable (both spatially and temporally) to what was observed in the actual treated watersheds.
Watershed recovery, management, and climate effects on streamflow: In all scenarios, land
management altered the expected level of streamflow (Figure 9.24). Initial increases in streamflow compared to what would be expected had the catchment remained unmanaged ranged from
21.4 cm/year (19%) to 38.1 cm/year (70%) larger. Increases in streamflow immediately after treatment persisted generally only in the species conversions stands (3.5–5 years), and were associated
with controlling competition so the new forest could establish. In general, streamflow recovered
to pretreatment levels in 6–7 years. The rate of watershed recovery depended on management and
(a)

Streamflow deviation (cm/yr)
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FIGURE 9.24 At the Coweeta Hydrologic Laboratory in the Appalachian-Cumberland Highland, (a)
observed streamflow responses to six management treatments during extreme wet years, extreme dry years,
and nonextreme years from the beginning of recordkeeping to 2010 as compared to (b) mean of extreme
wet and dry years modeled repeating entire management cycle in all watersheds—reset stand age to 0 in
2011, forecast out to 2050—for both CSIROMK3.5A1B and MIROC3.2 A1B climate change scenarios. The
MIROC3.2 A1B and CSIROMK3.5 A1B climate scenarios for the Southern United States (McNulty et al. in
press) each combine a general circulation model (MIROC3.2 and CSIROMK3.5) with the A1B emissions storyline (representing moderate population growth and high-energy use). SCS, SCN = south- and north-facing
species conversion; HCC, LCC = high- and low-elevation clearcut; C = copice; OFS = old field conversion.
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location. Watershed recovery was faster for several low-elevation treatments compared to the highelevation treatment, and also faster for south-facing stands compared to north-facing stands. The
second cutting in the coppice stand experienced the fastest watershed recovery rate among all management treatments compared to the first cutting, which was among the slowest to recover.
At any forest age, the physical and biological components controlling hydrologic processes in the
treatment watersheds responded differently than the reference watersheds to variation in precipitation
(not temperature). The only exception to this was the coppice-managed stand. In all other watersheds,
as precipitation increased, the treatment effect increased. This effect was most pronounced in the oldfield succession, the south-facing species conversion, and the low-elevation clear-cut. In addition, these
three land uses differed significantly from one another in the magnitude of the effect on streamflow
deficit. The largest land use and climate interaction was seen in the old-field succession, followed by
the two species conversions and the high-elevation clear-cut, then by the low-elevation clear-cut. In
general, the drier the year, the more managed watersheds responded like the reference watersheds.
Likewise, the wetter the year, the larger the differences were between control and treated watersheds.
Management simulated under climate change scenarios: Forecasted temperature and precipitation out to year 2050 were significantly different from the mean of observed conditions, depending
on the climate scenario used. The MIROC3.2 A1B forecasted warmer and drier conditions for
the Southern Appalachian Mountains, with drought frequency increasing appreciably: in a 10-year
period, 6 years would be defined as drought years, compared to 1 year in 10 for the observed record.
Extreme wet years were completely eliminated. Conversely, CSIROMK3.5 A1B forecasted wetter
conditions for the Southern Appalachians, with frequency of extreme wet years increasing to 3 years
in 10, compared to the 1 year in 10 for the observed record; droughts were completely eliminated.
We simulated watershed responses to future climate scenarios by assuming that the same set of
management treatments were repeated in 2011 and we modeled responses to 2050 using forecasted
climate. The most notable differences were observed for the south-facing species conversion and the
coppice treatments (Figure 9.24). Streamflow responses for both management treatments were different from the observed record, primarily because the simulation period was relatively short (~40
years); thus the proportionally longer time period that the vegetation was in a younger, less-mature
state than the reference watershed.
Potential for mitigation or exacerbation by forest management practices: Management affected
the resulting vegetation structure and function, and the vegetation response to climate was different
from the reference watersheds. Whether the effects of extreme wet or dry precipitation years exacerbated or mitigated the streamflow response depended on the management treatments. For example,
managing a catchment with a species conversion treatment reduced annual streamflow during both
extreme wet and dry event years, which may potentially exacerbate low flows and drought, but it
also may mitigate high flows and flood risk. This conversion could decrease the apparent frequency
of observed extreme wet event years on average by a factor of three (Figure 9.25). For example,
in 2010 the annual streamflow generated from 2500 mm of precipitation would have been 130 cm
without management; whereas with management, it was only 102 cm. The precipitation amount
required to produce 102 cm on the watershed had it not been treated is only 2391 mm. The probabilities associated with 2500 mm compared to 2391 mm differ by a factor of three (0.0006 vs
0.002). Thus, the apparent frequency of extreme precipitation events decreased by threefold. This
management treatment moves the observed streamflow distribution toward lower flows and could
help mitigate high flows under a wetter future climate.
Pine forests in this temperate area intercept precipitation year-round with their evergreen canopies, as well as transpire year-round in the area’s relatively mild winter temperatures. Both processes
divert precipitation from streamflow in ways that differ from hardwood stands. Higher evapotranspiration from pine forests means that soils have a larger capacity to store excess water during wet
years. This may be a good option under a future climate with increased precipitation, but a poor
choice for a climate projected to be drier because the higher evapotranspiration also means that less
soil water is available during drought conditions (Farley et al. 2005).
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FIGURE 9.25 At the Coweeta Hydrological Laboratory in the Appalachian-Cumberland Highland, (a)
frequency distribution of future annual precipitation—based on the CSIROMK3.5 A1B climate change
scenario—and historical annual precipitation, and (b) observed streamflow frequency distribution resulting from management with a species conversion or no management for the given precipitation amount. The
CSIROMK3.5 A1B climate scenario for the Southern United States (McNulty et al. in press) combines the
CSIROMK3.5 general circulation model with the A1B emissions storyline (representing moderate population
growth and high energy use).

Impacts on stream temperature in a headwater watershed: Watershed 32 (0.4-km 2 drainage area) at Coweeta is a control watershed with mixed hardwood stands that have remained
undisturbed since 1927. This site had a significantly upward trend in estimated mean annual
stream temperature of 0.12°C per decade from 1960 to 2007 (Figure 9.26). The mean change in
stream temperature was predicted to increase to 0.19°C per decade from 2011 to 2060 under the
HadCM3 B2 scenario. There is some variability in the estimated change of mean annual stream
temperature among climate scenarios. For example, the change ranged from 0.16°C per decade
under the CSIROMK3.5 A1B and CSIROMK2 B2 scenarios to 0.27°C per decade under the
MIROC3.2 A1B scenario. Despite the variability in the change in future stream temperature,
the trend was increasing and significant (p < 0.05) regardless of the climate scenario selected.
The conservative HadCM3 B2 scenario predicted upward trends in annual monthly minimum
(0.23°C per decade) and maximum stream temperature (0.24°C per decade) at this site. Thus, the
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FIGURE 9.26 For watershed 32 at the Coweeta Hydrologic Laboratory in the Appalachian-Cumberland
Highland, (a) 10-year moving mean of mean annual stream temperature and (b) mean annual stream temperature
and annual range in monthly stream temperature under historic and HadCM3 B2 future climate conditions. The
HadCM3 B2 climate scenario for the Southern United States (McNulty et al. in press) combines the HadCM3
general circulation model with the B2 emissions storyline (representing lower population growth and energy use).

mean annual maximum stream temperature was predicted to increase from 11.9°C to 12.5°C by
the decade ending in 2060.

Case Study 4: Mid-South
Located in the northeast corner of the Mid-South, the Ouachita National Forest covers over 6800 km2
of the Ouachita Mountains in western-central Arkansas and eastern Oklahoma (Figure 9.27).
Surface erosion and sediment delivery to streams and water bodies is a major ongoing concern of
Ouachita mountains
National forest
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FIGURE 9.27 Percent change in mean annual precipitation from historical for the 2041–2060 period in
watersheds draining the Ouachita National Forest based on an ensemble general circulation model with the
A1B emissions storyline (representing moderate population growth and high-energy use). (Adapted from
Mote, T.L. and J.M. Shepherd. 2011. Monthly ensemble downscaled climate model data for the Southeast U.S.
http://shrmc.ggy.uga.edu/downscale.php. Accessed: November 07, 2011.)
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the Forest (U.S. Department of Agriculture, Forest Service 2005) and of forest managers throughout the subregion. Within the forest boundaries, the predominant sediment-generating process is
surface erosion related to timber harvesting, off-highway vehicle trails, and forest roads. A limited
amount of private agricultural land occurs within or adjacent to the Ouachita, and these areas can
also be important sediment sources. Concern about sediment impacts to stream habitats and water
quality prompted the development of the Aquatic Cumulative Effects (ACE) model (Clingenpeel
and Crump 2005) to assess sediment risks within the Ouachita.
Anticipated changes in the climate affecting the Ouachita suggest that future surface erosion
risks may change. Predicted temperature increases can affect vegetation in ways that reduce ground
cover and root binding of the soil (Pruski and Nearing 2002b). Changes in rainfall amount and
intensity can directly affect erosion drivers like runoff amount and raindrop impact energy, as well
as indirectly affect the amount and types of vegetation that can be sustained. Rainfall changes are
the primary concern as snowfall represents only a very small portion of annual precipitation and its
effect on sediment production is negligible.
To assess the overall sediment risk of climate change on the Ouachita, we conducted a series of
simulations to determine how plausible changes in rainfall amount, rainfall intensity, and vegetation
cover affect sediment risk under a future climate. Future precipitation and temperatures were projected using an ensemble general circulation model and the A1B emissions storyline representing
low population/high economic growth and high-energy use (Intergovernmental Panel on Climate
Change 2001) and hereafter referred to as the “ensemble” scenario. Based on future temperature
and rainfall, different levels for each of the factors that affect sediment production were determined.
The ACE model (Clingenpeel and Crump 2005) was used to assess how changes in these factors
might affect sediment risks across the Ouachita. Finally, the effect of increasing road maintenance
on future sediment risks was also evaluated.
Study methods: The period from 2041 to 2060 was selected as the future period for which sediment risks would be simulated. The climate characteristics computed were annual precipitation,
monthly precipitation, and mean monthly temperature for each year within the 20-year period.
These characteristics were computed for the watersheds that drain the majority of the Ouachita
lands using the U.S. Geological Survey 8-digit Hydrologic Unit Code (HUC) scale.
The ACE model (Clingenpeel and Crump 2005) computed the estimated sediment yield within
a12-digit HUC (hereafter called a “subwatershed”). Sediment yield from road areas was estimated
using the WEPP model (Elliot 2004); for all other areas it was estimated using a version of the
Universal Soil Loss equation (Wischmeier and Smith 1965) with model factor values developed
for forestry and related management practices (Dissmeyer and Stump 1978). For the 2041 to 2060
period, the distribution of different land-use practices was assumed to be the same as that which
currently occurs. The combined sediment yield from road and unroaded areas was used to determine the sediment risk class (high, moderate, or low) for each subwatershed. A review of the ACE
model is given in Marion and Clingenpeel (2012). For this analysis, we computed the sediment risk
for all 190 subwatersheds within the Ouachita.
The levels of three factors were varied to explore how Ouachita sediment risks might respond
to climate change: the R-factor, the C-factor, and the number of wet days per month. The R-factor
is a measure of precipitation erosivity (Wischmeier and Smith 1965) and is used in the ACE model
for estimating sediment losses in unroaded areas. Three different R-factor values were considered.
The first is the R-factor predicted using the mean of the projected annual precipitations for the
2041–2060 period (Renard and Freimund 1994). The other two R-factor values were ±15% of the
predicted R-factor for each watershed. R-factors were computed for each watershed and then used to
compute mean values for each Ouachita subsection (see Clingenpeel and Crump 2005 for an explanation of how subsections are used in the ACE model). The subsection means were then assigned to
all subwatersheds within each subsection.
The C-factor is a measure of the relative effect of the ground cover on sediment loss. The higher
the C-factor value, the more sediment is lost through erosion. Two C-factor levels were considered:
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no change from the current C-factor value, and a 15% increase. The 15% increase is based on
Pruski and Nearing (2002b), who found that under certain soil and climate conditions, a decrease
in precipitation could result in an increase in sediment loss caused by a decrease in biomass. The
simulations of Pruski and Nearing (2002b) only considered agricultural conditions, but the locations that produced this response are those that are geographically closest to the Ouachita. Lacking
other guidance for how C-factors might change under forest conditions, we assumed that the same
response is possible on the Ouachita. C-factors were assigned to subwatersheds by subsection.
The number of wet days per month is a variable in the WEPP-Road (Elliot 2004) routine used
by the ACE model to estimate sediment yield from road areas. This variable was used here to
simulate increases in rainfall intensity by decreasing the number of wet days per month. Two factor levels were analyzed: a 20% decrease and at 50% decrease. A “no change” level was not considered because precipitation intensity has already been shown to be increasing in the Mid-South
(White 2011).
Three additional factors were used to capture other climate change effects on road sediment
losses in the 2041–2060 period: monthly maximum temperature, monthly minimum temperature,
and mean monthly precipitation. These factors are all used by the WEPP-Road routine. They were
taken directly from the climate scenarios and held constant during all simulations. The minimum
and maximum from each 20-year mean monthly temperature series were used to estimate the
respective minimum and maximum monthly temperatures, and the mean of each series was used to
estimate the mean monthly precipitation.
Lastly, we also examined how increased maintenance on roads might reduce the sediment risks.
All factor combinations were computed assuming the current maintenance level will be used from
2041 to 2060, and then again assuming an increased maintenance level.
Findings: The ensemble scenario indicates that by 2060 mean annual air temperature will
increase 2.6–3.4°C relative to the current period in the Ouachita watersheds. Mean annual precipitation in the watersheds is projected to decrease somewhat (0.9–7.0%) on the western side of
the Ouachita (Figure 9.27); but increase somewhat (0.4–2.6%) on the eastern side. The change
in R-factor values between the current period and the 2041-to-2060 period follows the precipitation change pattern, with R-factor values decreasing 1.8–13.7% on the western side and increasing
0.6–5.3% on the eastern side.
The combined effects of the different changes in total rainfall amount, rainfall intensity, and
vegetation cover on the sediment risk ratings are shown in Figure 9.28. The predicted changes in
R-factors have little effect on the risk classifications of the Ouachita subwatersheds unless a concomitant change in C-factors occurs. Using the predicted R-factors, the numbers of subwatersheds
in each risk class do not change appreciably from their current number. If R-factors are 15% less
(low R condition), noticeable improvement occurs, with 25 subwatersheds moving from a higher
to a lower risk class. The sediment risk worsens when R-factors are 15% larger than the predicted
values (high R condition), with 15 subwatersheds shifting up to a higher risk class. These results
indicate that future conditions would have to become wetter than is projected by the ensemble
model before erosivity changes alone would worsen the current sediment risk.
However, if C-factors change concurrently with the R-factors, the effect on sediment risk is
magnified. A 15% increase in the C-factor (reduced vegetation cover) causes the number of highrisk subwatersheds to increase well above the current number under both the predicted and high
R levels, and to be equivalent to the current number under the low R level. Curiously, the number
of low risk subwatersheds at the low R level actually increases above that under current conditions
when the C-factor is increased 15%. This result may be important because if the future climate is
drier than predicted by the ensemble climate scenario, the chance of C-factors increasing would be
relatively higher than under the wetter conditions represented by the predicted and high R levels.
Surprisingly, increasing the rainfall intensity by decreasing the number of wet days from −20%
to −50% had almost no effect on the sediment risk classifications. This suggests that the possible
increase in road sediment generated by increasing the rainfall intensity is not sufficient by itself to
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FIGURE 9.28 Effects of current and predicted (2041–2060) changes in total rainfall amount, rainfall intensity, and vegetation cover factor on the sediment risk rankings for Ouachita National Forest subwatersheds:
(a) 20% decrease in wet days with no change in vegetation cover factor, (b) 50% decrease in wet days with no
change in vegetation cover factor, (c) 20% decrease in wet days with 15% increase in vegetation cover factor,
and (d) 50% decrease in wet days with 15% increase in vegetation cover factor. The rainfall–runoff erosivity
and vegetation cover factors (Wischmeier and Smith 1965), and the number of wet days per month (Elliot
2004) are used within the Aquatic Cumulative Effects model (Clingenpeel and Crump 2005) to predict sediment risk ranking. Rainfall–runoff erosivity and number of wet days are based on precipitation predicted for
the 2041–2060 period using an ensemble general circulation model and the A1B emissions storyline (representing moderate population growth and high-energy use) (Mote and Shepherd 2011).

alter the effects caused in unroaded areas by changes in the R- and C-factors. However, increasing
rainfall intensity does have an effect when road maintenance is considered.
Increasing road maintenance could reduce possible increases in sediment risk resulting from
the climate changes discussed so far. The effect of increasing road maintenance above current
levels on sediment risk classification is shown in Figure 9.29. Increasing road maintenance always
decreases road erosion in the ACE model; therefore, it is not surprising that the number of improved
subwatersheds (those moving to a lower risk class) increased for all factor-level combinations. The
number of improved subwatersheds always increases when the R-factor level decreases (moving
down on the y-axis) or the C-factor level decreases (moving from left to right). The general lack of
effect from increasing rainfall intensity is also evident when values for the two intensity levels are
compared within a given combination of R- and C-factor levels. However, a small effect is apparent
when the C-factors are unchanged and the R-factors are either at the predicted or at the low level.
For predicted R-factors, the number of improved subwatersheds with increased road maintenance
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FIGURE 9.29 Effect of increased road maintenance on the number of Ouachita National Forest subwatersheds
with improved sediment risk rankings—higher to lower risk class—under varying future rainfall and forest
conditions. The rainfall–runoff erosivity and vegetation cover factors (Wischmeier and Smith 1965), number of
wet days per month (Elliot 2004), and road maintenance levels are used within the Aquatic Cumulative Effects
model (Clingenpeel and Crump 2005) to predict sediment risk ranking. Rainfall–runoff erosivity and number
of wet days are based on precipitation predicted for the 2041–2060 period using an ensemble general circulation
model and the A1B emissions storyline (representing moderate population growth and high-energy use) (Mote
and Shepherd 2011).

decreases by two when rainfall intensity increases to the high level, but it decreases by one for the
low R condition.
In summary, results from these simulations indicate that changes in mean annual precipitation
predicted from a climate projection for the Ouachita from 2041 to 2060 and an assumed increase in
rainfall intensity based on 20% fewer wet days are not sufficient by themselves to worsen the current sediment risk ratings. However, if these changes happen concurrently with decreased vegetative
cover, then such a situation is possible. Decreased vegetative cover is a distinct possibility given the
increased air temperatures predicted for this period. To a substantial degree, potential increases in
sediment risk could be mitigated by increasing road maintenance within the forest.

SUMMARY
Forest managers and policy makers in the South will face growing challenges in mitigating or adapting to the effects of climate change on water resources in the near future. This chapter identified the
key water resource characteristics related to forestlands that are mostly likely to be affected and how
they will respond based on past research and new analyses. Future climate conditions were projected
using climate scenarios derived from commonly used general circulation models and emission storylines. The region-wide sections show that in the future, important increases in evapotranspiration,
water temperature, soil erosion, and coastal salinity intrusion are projected to occur either across
broad areas of the South or within specific localities. The discussion of mitigation and adaptation
options notes which BMPs are likely to be effected by changing climate conditions and how they
may need to be modified. The case studies provide more detailed assessments of impacts to particular
water resources within each of the subregions of the South. The information in this chapter should
provide forest managers and policy makers a sound knowledge base from which to identify the potential issues they will need to consider in their future, location-specific plans, as well as a rich set of
examples of analysis approaches they might use in accomplishing their own assessments.
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