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Introduction

About one-third (or 4.06 billion hectares) of the Earth’s land surface is covered by forests, with the majority in the tro-
pics and subtropics (56%), followed by boreal (27%) and temperate (16%) zones (FAO UN, 2020). These forests pro-
vide vital ecosystem services, including carbon sequestration (2.4 = 0.4 pg C yr ' or 2.4 billion tons per year) (Pan
et al., 2011), which is critical for mitigating climate change in the 21st century. Forests provide 75% of the world’s
accessible freshwater resources, and more than half the human population is dependent on these water resources for
domestic, agricultural, industrial, and environmental uses (Millennium Ecosystem Assessment, 2005) (Fig. 6.1).

However, forests depend on the appropriate climate for their existence, and climate is a major control of forest
hydrology (Zhang et al., 2022). The recently released Intergovernmental Panel on Climate Change Sixth Assessment
Report (IPCC ARG, 2021) concludes with high confidence that climate change dramatically affects many terrestrial eco-
system functions (Fig. 6.2). Thus climate change will significantly affect water availability to future forests and people.
Climate change also interacts with land use and land cover change. Overall, the Earth’s surface has been greening up
over the past 20 years because of both human activity (e.g., agricultural expansion in India and forest gains in China,
the United States, Sweden, and Finland) and climate change (Chen et al., 2019; Convention on Biological Diversity,
Secretariat, 2009; Zhang, Song, Band, Sun, & Li, 2017a). However, along with the loss of boreal forests (Hansen,
Stehman, & Potapov, 2010), global forest coverage in the tropics continues to decline due to pressures from cropland
expansion and livestock grazing (FAO UN, 2020; Kumagai, Kanamori, & Chappell, 2016), especially in low-income
countries. Climate change and human population rise are likely to aggravate this trend of global forest loss in some
regions.

Climate controls on forests

Climate is a dominant driver of the quantity, quality, and distribution of forests and their species on Earth. Solar radia-
tion, air temperature, and precipitation are the three key variables that control forest composition, structure, and func-
tions such as carbon and water cycles (Nemani et al., 2003). The energy and water availability generally follow latitude
and distance from the oceans but are modified by elevation and topography. Overall, the combinations of energy and
water balances determine the natural distributions of vegetation covers, productivity, and biodiversity (Fisher,
Whittaker, & Malhi, 2011). For example, natural forests are primarily found in areas with annual precipitation exceed-
ing 400 mm in China. Below the 400 mm precipitation line, grasslands, or shrublands dominate the landscape.
However, large areas of forests can be found in regions with precipitation less than 400 mm in other parts of the world
with low potential evapotranspiration (ET) and short growing seasons, such as in Siberia, Russia (Taiga forests)
(Onuchin, Burenina, Shvidenko, Prysov, & Musokhranova, 2021). In arid regions, forests can be found in riparian areas
Future Forests. DOI: https://doi.org/10.1016/B978-0-323-90430-8.00003-4

Copyright © 2024 Elsevier Inc. All rights reserved. 95
Ge Sun and Devendra Amatya’s Contribution is in public domain.


https://doi.org/10.1016/B978-0-323-90430-8.00003-4

96 Future Forests

FIGURE 6.1 National forests in the southern Appalachian Mountains
in the eastern United States provide abundant clean water and recreation
opportunities for the public. Courtesy: Michelle Sun (photo).

FIGURE 6.2 Forest structure and functions are
affected by climate change and mesophication in
the humid southern Appalachian Mountains in the
eastern United States. The native evergreen shrub
rosebay rhododendron (Rhododendron maximum)
has expanded its territory toward upslopes from
the riparian areas resulting in concerns of water-
shed hydrological change. Courtesy: Ge Sun
(photo).

where shallow groundwater drained from uplands is available. On a broad scale, ecosystem productivity and biodiver-
sity, such as species richness, are primarily explained by actual ET, which is a function of energy and water availability
(Fisher et al., 2011) (Fig. 6.2).
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Forests recycle a large amount of water and energy to sustain their functions, thus playing a critical role in regulat-
ing the global water and carbon cycles and climate (Ellison et al., 2017). For example, to produce 1 g of carbon, on
average, forests need about 300 g of water for ET (Aguilos et al., 2020; Sun et al., 2011);. About 40%—50% of solar
radiation energy is used for ET in pine forests with little water limitation (Sun et al., 2010). Because forests are gener-
ally found in areas with relatively high elevation, high precipitation, and cool areas, and thus produce higher water yield
than in areas with lower elevations (often cultivated for crops), forest watersheds are considered “Water Towers” (Liu
et al., 2021). Annual water yield from forest watersheds often exceeds 15% of precipitation (Creed & Van Noordwijk,
2018; Jones et al., 2020) in contrast with semiarid forest areas where water yield is often less than 10%. Due to their
larger biomass, deeper roots, and higher availability to soil water than shorter grass, forests generally have higher ET,
which explains their higher gross primary productivity (GPP) and cooling effects on the surrounding atmosphere. More
leaves in forests mean lower albedo, so more solar energy can be absorbed for ET and carbon sequestration than other
land covers. However, in some tropical regions that do not experience water stress, grasslands have the potential to
transport as much or more water vapor to the atmosphere as forests (Brauman, Freyberg, & Daily, 2012). The relatively
high ET in forests causing ample available soil water storage (i.e., drier soils) (Bathurst, Fahey, Iroumé, & Jones, 2020)
in the growing season than other land covers with lower ET (e.g., lawns) helps mitigate storm events and moderate
floodwater downstream. However, the ET role played by forests in mitigating extreme precipitation events is unclear.
For example, although very high canopy evaporation rates are not uncommon, significant evaporation losses during
storms are not likely for all events and locations (Page, Chappell, Beven, Hankin, & Kretzschmar, 2020). However, ET,
viewed as a water loss locally, is a source of water supply for precipitation downwind (Ellison, Futter, & Bishop,
2012). Thus assessing the effects of forests on the hydrological cycles must consider scales. Recent global measure-
ments of carbon and water fluxes show that forest carbon cycles are coupled with water cycles (Aguilos, Sun, et al., 2021,
Sun et al., 2011). Forest water use efficiency (WUE), the ratio of ecosystem productivity (GPP) to ET, a measure of trade-
offs between carbon and water, is often higher than other natural land covers (Sun et al., 2011).

Climate feedbacks to forest change

Forests are not totally passive to climate and can have direct and indirect feedback to modify the local climate.
Changes in the quantity and quality of forests by natural (e.g., wildland fire, hurricanes, insect, and disease outbreaks)
or anthropogenic disturbances (e.g., deforestation, afforestation, and urbanization) can have feedbacks to climate and
hydrologic cycles at multiple scales (Sun & Liu, 2013). Century-long studies on the influences of forests on climate and
hydrology suggest deforestation or afforestation can alter the hydrological cycles (Amatya, Williams, Bren, & DeJong,
2016; Andréassian, 2004; Zhang & Wei, 2021). For example, clearing more than 15%—25% of the forests in a water-
shed can reduce total ET and thus significantly increase streamflow (Stednick, 1996; Wei et al., 2021). Recent studies
show that hydrologic responses to forest disturbances are not unidirectional. Tree mortality or fuel reduction in some
regions could increase ET and a decrease in water yield (Bart, Safeeq, Wagenbrenner, & Hunsaker, 2021; Biederman,
Harpold, Gochis, Ewers, & Reed, 2014; Goeking & Tarboton, 2020). Converting large areas of forests for croplands
can increase sensible heat and alter precipitation patterns downwind in some regions (Ellison et al., 2012). Converting
forest lands to paved urban lands has even more significant hydrologic impacts (Boggs & Sun, 2011; Li et al., 2020).
Conversely, afforestation can increase ET and reduce streamflow (Brown, Zhang, McMahon, Western, & Vertessy,
2005; Chescheir, Skaggs, & Amatya, 2009; Zhang et al., 2017b). For example, large-scale tree planting in the loess pla-
teau with precipitation below 400 mm in China has been shown to cause ecological issues such as soil desiccation,
depletion of water resources, and low ecosystem productivity and water yield (Gao, Fu, Wang, Liang, & Jiang, 2016).
Ecological restoration in China has decreased albedo and increased ET (Jiang et al., 2021). A modeling study by
O’Connor et al. (2021) suggested that forest covers have stable ET in a “precipitationshed” (the upwind ocean and land
surface that contributes evaporation to a specific location’s precipitation, also known as the watershed of the sky)’ and
thus can reduce the variability of precipitation downwind. Meier et al. (2021) used an observation-based continental-
scale statistical model to show that the afforestation of rain-fed agricultural land in Europe triggers substantial changes
in precipitation. They highlight that land cover changes, such as afforestation, can considerably alter precipitation in the
mid-latitudes, both locally and further downwind (Meier et al., 2021). Higher forest ET was also linked to increased
precipitation in the tropics (Lejeune, Davin, Guillod, & Seneviratne, 2015; Spracklen, Arnold, & Taylor, 2012) and the
Sahel region (Yosef et al., 2018), and the North American monsoon region (Bohn & Vivoni, 2016). Seasonally, climate
warming that promotes early plant greening and water loss in the springs can affect local summer soil moisture in the
northern latitude (Lian et al., 2020). Forests, climate, and water are closely connected, and this nexus has important
implications for managing future forests at different scales (Creed & Van Noordwijk, 2018).
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Future climate change and forest management responses

Because forest functions and climate intimately interact, future climate change is of serious concern regarding the fate
of forests on Earth. The most recent authoritative assessment on global climate change, the IPCC ARG, concludes that
it is unequivocal that human influence has increased greenhouse gas concentrations that warmed the atmosphere, ocean,
and land (IPCC, 2021). The global mean surface temperature increased by 1.09 (0.95—1.20)°C, but it has increased by
1.59 (1.34—1.83)°C on the land since the late 1800s. In addition, observed atmospheric precipitation has increased since
1950, snow and ice have declined, and the sea level has risen (0.20 m between 1901 and 2018) (IPCC, 2021). Finally, it
is worth noting that changes in seasonality and climate extremes are more important than the means (EPA, 2021). For
example, since the 1940s in the United States, winter temperatures have increased more than in the summer, and snow-
peaked earlier, resulting in an earlier peak of spring runoff and longer growing seasons.

In the 21*" century, global warming of 1.5°C and 2°C will be exceeded unless deep reductions in carbon dioxide
(CO,) and other greenhouse gas emissions occur in the coming decades. Heatwaves and hydrologic droughts will occur
more often and last longer, and extreme precipitation events will become more intense and frequent, causing more
flooding. The ocean will continue to warm and acidify, and the global mean sea level will continue to rise.

The impacts of climate change on critical forest ecosystem structures, functions, and services, including clean and
stable water from forests, have been observed globally (Forzieri et al., 2021). Climate change has become a major envi-
ronmental threat (e.g., hotter air temperature and drought) to existing forest ecosystems and ecological restoration
efforts (Allen, Breshears, & McDowell, 2015; Allen, Macalady, Chenchouni, Bachelet, & McDowell, 2010; Vose et al.,
2016). Over the past 50—100 years, declining trends in snowpack and precipitation due to global climate warming are
altering the frequency and magnitude of low and peak flow magnitudes in the United States and Canada streams
(Dethier, Sartain, Renshaw, & Magilligan, 2020). Reducing net greenhouse gas emissions, mitigating climate change
through reforestation, and adapting to climate through innovative forest management practices are becoming significant
tasks of the forest communities. However, it was recognized that no single option is sufficient to achieve multiple
desired goals, including protecting forests under climate change (Grant, Tague, & Allen, 2013; Millar, Stephenson, &
Stephens, 2007). Effective policies and cooperation at all scales can be enhanced through integrated responses, includ-
ing socioeconomics and community-based management. For example, nature-based solutions (NbS) to climate change
have been proposed in recent years to use natural capital to address climate change (Springgay, 2019). NbS focuses on
maintaining green infrastructure, such as conservation, tree planting and restoring wetlands, integrated watershed man-
agement, and reducing environmental stressors to ecosystems (Huang, Hashimoto, Yoshida, Saito, & Taki, 2021).
Maintenance of genetic diversity and manipulation of disturbance regimes are also recommended as part of the inte-
grated mitigation and adaptation strategies through NbS. Unfortunately, data are lacking to assess the long-term effec-
tiveness of the proposed NbS, and implementing these adaptation measures must consider the tradeoffs of several
essential forest ecosystem functions, including the forest hydrologic cycle (FAO, TUFRO, & USDA, 2021).

Chapter Objectives

This chapter aims to provide a snapshot of our state-of-science understanding of forest hydrologic response to climate
change and how forest management can mitigate and adapt to climate change. First, selected literature on observed and
projected changes in forest hydrology is summarized to present processes and concepts. Next, case studies on options
for climate mitigation and adaptation in forest management in the United States, China, and Nepal are discussed.
Finally, we illustrate the challenges and opportunities in sustaining forest water supplies in the 21* century under differ-
ent socioeconomic settings.

Climate change and forest water cycle

The water cycle refers to the processes that water molecules condense after evaporation and fall on the ground from the
atmosphere as precipitation, flow through the land to lakes and the oceans as runoff, and eventually return to the atmo-
sphere via evaporation, forming condensation again. Therefore climate change manifests as hydrologic change. Forests
play a significant role in modifying the water quantity and its movement pathways and timing across scales. Fig. 6.3
illustrates how climate change may affect the change in hydrological cycles in the United States.

Climate change directly or indirectly alters the hydrologic cycles in forests at multiple temporal and spatial scales
(Fig. 6.4). The following basic water balance equation can be used to understand and evaluate how climate change
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FIGURE 6.3 Potential climate change effects on the hydrologic cycles in the western (dry region) and eastern (wet region) United States. The illus-
tration shows that hydrologic impacts from climate change vary spatially (USGCRP, 2009). From USGCRP. (2009). Global climate change impacts in
the US. Author.

affects water quantity, quality, and timing and how forest mitigation and adaptation measures interact with water
resources.
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Eq. (6.1) indicates that the change in soil water and groundwater storage (S) in a forest at any time 7 is a result of
the balances of precipitation (P), ET, and runoff or water yield (Q). ET is the sum of evaporation (E) from soil and
plant surfaces (canopy interception) and plant transpiration (7):

ET(t)=E() + T(r) (6.2)

ET(?) is a critical ecohydrological variable because it links energy, water, and carbon fluxes (Sun et al., 2011). Both
E and T are controlled by climate, such as solar radiation, air temperature, humidity, wind speed, soil water availability,
and plant biophysical properties such as canopy structure, leaf area index, root depth, tree age, aerodynamic conduc-
tance, and leaf stomata conductance (Sun et al., 2011). Globally, ET from forest ecosystems was estimated to be about
45% of the total terrestrial ET (Oki & Kanae, 2006), which is critical in understanding micro- and macroclimate and
hydrology. It is estimated that T accounts for 72% + /- 6.8% of terrestrial ET (Wei et al., 2021). Closing the water bud-
get by field measurement at the watershed scale is rare due to the difficulty of quantifying deep water storage and
groundwater exchange (Safeeq et al., 2021).

The magnitude of dS/dt can be large on a monthly or smaller time scale under climate change (Dymond, Kolka,
Bolstad, & Sebestyen, 2014). When dS/dt is negligible at a longer time scale, Q(¢) can be expressed as:

Q1) =P(1) — E(1) —T(1) (6.3)
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Climate change affects P(¢), E(f), and T(¢) at any space of interest. Changes in P(f) and ET(#) mean changes in Q(f)
and S(7) patterns beyond the regular temporal cycles (Bales et al., 2018). Therefore stationarity in Q(¢) and S(f) no lon-
ger exists under a changing climate.

The impacts of climate change on water quantity and quality vary tremendously depending on background climate,
forest conditions, soils, geology, and topography (Fig. 6.3). We discuss key direct (physical and climate factors and sea
level rise [SLR]) and indirect factors (biological factors under climate change) separately, although these factors are
intertwined in many cases, inncluding Published empirical and modeled data globally guided by the primary water bal-
ance principle are presented in Eq. (6.1).

Direct impacts of climate change on water balances

Global climate change directly impacts water (precipitation) and energy (radiation) availability in forests. Global warm-
ing increases atmospheric evaporation demand (Potential Evapotranspiration, PET). At the same time, changes in the
precipitation magnitude, frequency, and form (e.g., snow vs rain) impact the quantity, quality, and timing of blue water
(in rivers and lakes) and green water (ecosystem water use for ET). Gudmundsson, Boulange, and Hong (2021) ana-
lyzed thousands of time series of river flows and hydrological extremes across the globe. They showed that human
influence on climate had affected the magnitude of low, mean, and high river flows on a global scale. Climate change
is a causal driver of recent trends in mean and extreme river flow at the global scale.

Air temperature and vapor pressure deficit

Although not uniform, the air temperature has significantly increased almost everywhere on land, especially in the high
latitude regions, since the 1800s. The rise of air temperature means an increase in PET because the rise of air tempera-
ture allows air to hold more water vapor (i.e., an increase in saturated vapor pressure). Vapor pressure deficit, a key
driver of PET, has increased globally (Gharbia, Smullen, Gill, Johnston, & Pilla, 2018), while wind speed, affecting the
aerodynamic component of PET, has been reported to be decreasing (Milton, 2010). Water loss or actual ET of forests
is strongly controlled by PET (Sun et al., 2011), and thus climate warming is believed to be responsible for the recent
observed rise of ET on land. An increase in ET means decreased water yield and enhanced hydrologic drought. A
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sensitivity study suggests that an increase in air temperature of 2°C may reduce water yield by more than 50 mm or
more than 50% in forested watersheds (Fig. 6.5; Sun, Caldwell, & McNulty, 2015).

Air temperature increase also affects precipitation forms—an increase in the proportions as rainfall in regions histor-
ically dominated by snowfall (e.g., northern Europe, the Rocky Mountains and northern United States, and northeastern
China). The change from snow to rain and early snow melting alters streamflow timing and thus affects water availabil-
ity downstreams (Luce, 2018; Luce et al., 2012). Canopy interception loss may increase due to a shift in precipitation
from snow to rain, resulting in higher ET in colder months and drought in dry-summer months. In addition, there are
likely shifts in forest composition with an increase in broad-leaf forests in currently colder/snowy places. Melting gla-
ciers is also a direct result of global warming that has caused flooding and a rise in lake levels, which explained the
land “greening up” in the Qinghai-Tibetan Plateau regions (Zhang et al., 2018; Zou, Li, & Hu, 2020). Air temperature
rise also affects the optimum tree photosynthesis rate, forest phenology, thus ET patterns and the water balance.

Precipitation

Global warming accelerates evaporation and, thus, the moisture movement in the ocean and land and elevates water
vapor content (i.e., specific humidity) in the atmosphere. Thus overall, global precipitation is expected to increase with
more heavy storms. Precipitation is a crucial component of the water cycle and is the most critical and active variable
associated with atmospheric circulation in weather and climate studies (Sun, Hallema, & Asbjornsen, 2017). However,
precipitation is highly stochastic and unpredictable, although large-scale patterns are known globally.

Climate change models suggest that precipitation will likely increase in high latitudes in the next 100 years. For
example, over 90% of Swiss weather stations show a positive trend in the intensity and frequency of heavy precipitation
events from 1901 to 2014 (Scherrer et al., 2016). During the same period, the air temperature increased by over 2°C.
Papalexiou and Montanari (2019) revealed a coherent spatial pattern in frequency changes of extreme precipitation,
with increasing trends in large parts of Eurasia, North Australia, and the Midwestern United States. The authors found
7% more extreme events than the norm globally. These climate trends affect the water cycle but may also alter the
structure and function of forests. Similarly, the northeastern and north central United States and northwestern China
have already seen increases in precipitation. Changes to monsoon precipitation are expected. Other regions in subtropics
may see a decrease in precipitation. Extreme heavy rainfall events (i.e., daily rainfall exceeding 50 mm) were on the
rise, as exemplified in western Europe and central China in the summer of 2021, causing record flooding (i.e., a 1000-
year return period). Increased storm intensity increases rainfall-erosivity, sediment transport, debris flow, nutrient
export, and algae boom in aquatic systems downstreams (Marion et al., 2013). More warming leads to more frequent
and intense flood and drought events.
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FIGURE 6.5 Spatial distribution of annual water yield response in forest lands due to an increase in mean air temperature of 2°C in forest-
dominated watersheds across the conterminous United States. (A) Absolute water yield response in mm yr '; and (B) relative change in percent
change. Simulation results at the USGS HUC-8 scale are presented at 1 km resolution by a mask of forest land cover. From Sun, G., Caldwell, P. V.,
& McNulty, S. G. (2015). Modelling the potential role of forest thinning in maintaining water supplies under a changing climate across the contermi-
nous United States. Hydrological Processes, 29(24), 5016—5030. https://doi.org/10.1002/hyp.10469.
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A global modeling study by Zhai et al. (2020) suggests that annual runoff in 7 out of 18 basins examined are pro-
jected to decrease under a 1.5°C (2.0°C) warming scenario. Annual runoff for large river basins would change by
—1.4% (—2.5%), 1.6% (—13.3%), 12.6% (4.5%), 10.0% (2.8%), and 12.0% (2.4%) under a 1.5°C (2.0°C) warming
scenario for Danube River, Mississippi River, Volga River, Yangtze River, and Yellow River, respectively. Zhai et al.
(2020) further concluded that change in precipitation dominates runoff change worldwide, while a change in tempera-
ture and wind speed influences runoff through elevated PET.

Forest hydrologic components largely depend on the balance between precipitation and ET. However, change in pre-
cipitation often dominates the water balance equations. A small change in precipitation can have a sizeable relative
effect on water yield, especially in humid areas. For example, a 10% change in precipitation may result in a 20%
change in water yield (Sun et al., 2015; Fig. 6.6). Conversely, a reduction in precipitation can cause a perennial stream
to become intermittent or ephemeral (Messager, Lehner, & Cockburn, 2021). Stream permanence change has important
implications for water quality and aquatic ecosystems (Luce & Holden, 2009; Luce et al., 2012).

Extreme precipitation events and flooding

Floods are ephemeral phenomena triggered by excess precipitation, high initial soil moisture, snowmelt, rain-on-snow
events, or a combination of these potential drivers (Brunner, Slater, Tallaksen, & Clark, 2021). The increased likelihood
of extreme precipitation under climate warming is projected to also lead to increases in the magnitude and frequency of
floods, including hurricanes and tropical storms (Amatya, Harrison, et al., 2016; Berghuijs, Woods, Hutton, &
Sivapalan, 2016). There is an undisputed relationship between precipitation and flooding, with flooding events follow-
ing extreme precipitation being reported all over the globe (Papalexiou & Montanari, 2019). Extreme events can also
cause tremendous damage to coastal forests. For example, the Pacific Northwest coastal forests are subjected to dra-
matic storm impacts from landslides, debris flows, wind damage, and floods during atmospheric river (AR) events such
as those that occurred November—December of 2021 in the northwest and British Columbia. The economic damage
from this one series of events in BC alone was reported to be over $2 billion, according to the reinsurance industry.
About three to four extreme precipitation events led by AR have been reported to occur every year from 1979 to 2019
in the Southeast United States region, including Florida, Georgia, Alabama, North Carolina, and South Carolina
national forest lands (Mukherjee & Mishra, 2021). However, forests appeared to be resilient, recovering to baseline
levels quickly, as reported by Amatya, Herbert, Trettin, and Hamidi (2021) and Jayakaran et al. (2014), who studied a
long-term coastal experimental watershed impacted by heavy precipitation and winds of Hurricane Hugo in 1989 in
South Carolina. Tropical forests are also frequently disturbed by extreme weather events, including tropical cyclones
and cold waves. These disturbances not only directly impact hydrological processes but also indirectly affect hydrology
by disturbing growth and structures of tropical forests (Hou et al., 2018; Kumagai et al., 2016). Forest hydrology

(A) Response of Water Yield (mm/yr.) to 10% Reduction of Precipitation (B) Response of Water Yield (%) to 10% Reduction of Precipitation
| 73 W
g g e
‘ﬁ' X ' 5 .
Ad 09 A P AN
“,.;, 04 :
| 10 o 4
). o7
X 16
14 y \ 5
05 .
18 5 (4
" TS M
15 i .
Py’ N
13 8 / 03 {
12 )“ S\‘_
: o, Response (%)
Response (mmlyr.) .
- |
3 O
S & o . S g ¢
& @ ® N

FIGURE 6.6 Spatial distribution of annual forest water yield response to a 10% decrease in precipitation across the conterminous United States. (A)
Absolute water yield response (mm yr—'); and (B) relative change (%). Simulation results at the USGS HUC-8 scale are presented at 1 km resolution
by a mask of forest land cover. From Sun, G., Caldwell, P. V., & McNulty, S. G. (2015). Modelling the potential role of forest thinning in maintaining
water supplies under a changing climate across the conterminous United States. Hydrological Processes, 29(24), 5016—5030. https://doi.org/10.1002/
hyp.10469.
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literature recognizes that forests contribute to mitigating small floods, but not against catastrophic flood
events (Alila, Kuras, Schnorbus, & Hudson, 2009; Bathurst et al., 2020; De Jong, 2016; Ellison et al., 2012;
Vose et al., 2011).

Sea level rise

SLR directly affects the surface water and groundwater levels, the hydroperiod of coastal forested wetlands, and soil
water salinity near the coastal regions. IPCC ARG reports that the sea level has increased about 20 cm between 1901
and 2018 but can increase up to 100 cm under a very high Greenhouse Gases (GHG) emissions scenario (SSP5—8.5) by
2150. SLR will aggravate inundation and flooding problems in the coastal areas at the ocean and upland forests inter-
face. Both mangrove forests and tidal freshwater forested wetlands are at risk due to human development and SLR
(Williams, Krauss, & Okruszko, 2016). Hauer, Evans, and Mishra (2016) estimates that a SLR of 90 cm will place a
land area projected to house 4.2 million people at risk of inundation in the continental United States in 2100. The
observed “Ghost Forests” along coasts (e.g., the Atlantic coast in eastern United States) are one of the most apparent
consequences of gradual SLR (Aguilos, Brown, et al., 2021). In addition, forest wetlands could shift from a carbon
“sink” to a carbon “source” due to hydrological change that affects primary productivity and carbon release by soil res-
piration (Aguilos, Brown, et al., 2021; Aguilos, Warr, Irving, Gregg, & Grady, 2022). SLR, coastal land subsidence,
land use change, and groundwater pumping to meet increasing water demands are causes of seawater intrusion along
the coasts in the United States (Callahan, Amatya, & Stone, 2017; Jasechko, Perrone, Seybold, Fan, & Kirchner, 2020).

CO, and other greenhouse gases

Humans’ accelerated release of CO, and other GHG (e.g., CHy, N,O) is responsible for global warming, causing cascading
effects. A recent study concludes that CO, fertilization, along with the rise of global air temperature, reforestation (China),
and intensive farming (India), has been the primary driver that explained the observed greening up of the Earth since 1981
(Piao et al., 2020). The increases in atmospheric CO, concentrations enhance plant photosynthesis and reduce the conductance
(openness) of stomata that control carbon uptake and water loss (transpiration) (Keenan et al., 2013; Lemordant, Gentine,
Swann, Cook, & Scheff, 2018). Free-air CO, enrichment experiments and empirical monitoring data suggest that CO,
increases primary productivity and transpire less water per unit leaf area. WUE increased with an increase in CO,. At the eco-
system level, GPP can be enhanced by up to 30% for a mature loblolly pine forest (Ward et al., 2018). However, there is little
evidence that suggests that an increase in CO, will decrease total ET or forest water balances. The rise of CO, will increase
biomass (leaf area) or the greenness of vegetation, promote plant species change, and may negate the effects of CO, on tran-
spiration (Zeng et al., 2018). There is little evidence that the rise of CO, has altered water yield at large scales. Therefore the
effects of CO, alone will not be able to offset the effects of warming on ET. The benefits of CO, fertilization depend on
whether plants have access to water with deeper roots in arid regions (Guo et al., 2022). This finding contrasts with previous
findings that ET declines due to limiting soil water availability (Jung et al., 2010). Local dramatic changes in ET rates could
be affected mainly by land cover changes such as urbanization (Boggs & Sun, 2011; Hao et al., 2015) rather than by CO,.

Indirect impacts

Climate change indirectly impacts water quantity and quality by altering the ecological (e.g., tree microclimate, growing
season length, phenology, invasive species, fire ecology, outbreaks of insects and diseases) and biogeochemical pro-
cesses (e.g., organic matter decomposition, microbial activities, changes in carbon and nutrient cycles due to increasing
in air and soil temperature). The indirect hydrologic effects of climate change can enhance or cancel the direct effects
of precipitation and air temperature change. Separating and quantifying the direct causes of climate change impacts is
important for developing forest management measures to mitigate and adapt to climate change (Tomer & Schilling,
2009). Over the past two decades, widespread but low- to moderate-severity forest disturbance has occurred as a result
of drought stress, insect epidemics, and disease epidemics, as well as altered wildfire regimes in the United States
(Adams et al., 2012; Williams et al., 2013) and Europe (Forzieri et al., 2021).

Tree species shifts

The distribution and productivity of trees are limited by energy, water, and nutrient availability for photosynthesis.
Therefore a changing climate may result in some “losers” and some “winners” (Iverson, Schwartz, & Prasad, 2004a,
2004b). Consequently, the range of tree species may shift over time as the temperature risessouthern species may
migrate into the north or higher elevations where they do not typically grow. For example, evergreen loblolly pine, a
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common tree species in the southern United States, may move out of the range northward (Iverson et al., 2004b). Some
tree species may be replaced by others that are more heat and drought-tolerant when the climate gets drier and hotter. It
is also possible that some forests might get denser (i.e., mesification) and be dominated by fast-growing trees that use
more water when the climate gets warmer and wetter. For example, increasing maple dominance has been linked to
higher soil moisture and organic matter and changing species composition in the southeastern United States. These
changes will affect tree transpiration rates and total ET and water yield (Caldwell et al., 2016). Fires can also catalyze
vegetation shifts where relict vegetation stands are no longer reestablish themselves under the current climate. For
example, Davis et al. (2020) report that the lower ponderosa pine (Pinus ponderosa) tree line in the Great Basin of the
western United States was pushed uphill several hundred meters following fire due to lower soil moisture conditions
becoming unfavorable to seed germination.

Wildland fires

According to National Fire Information Center (https://www.nifc.gov/), there were 58,985 wildfires reported in 2021 in
the United States. Reported wildfires consumed 7,125,643 acres (2.88 million ha) nationally. The 2019—2020 Australia
bush fires burned 18.6 million ha, causing tremendous damage to local economies and ecosystems (Tang, Llort, &
Weis, 2021). The significant rise in wildfire intensity and frequency worldwide has been linked to climate change that
affects air temperature, radiation, wind speed, air humidity and vapor pressure deficit, and soil moisture. Increased for-
est fuel load due to long-term forest fire suppressions since the 1900s, invasive plants, and human activities at the wild-
land—urban interface also contributed to the increase in wildfires (Liu et al., 2013; Liu, Goodrick, & Heilman, 2014;
Mann et al., 2016). These conditions will persist in the coming decades, especially in the historically dry areas in the
western United States.

Increasing numbers of studies have documented the effects of wildland fires on the quantity and quality of surface
waters and the threat to the water supply globally (Dennison, Brewer, Arnold, & Moritz, 2014; Hallema, Robinne, &
Bladon, 2018; Hallema, Sun, et al., 2018; Isaak et al., 2010; Robinne et al., 2018; Robinne, Hallema, Bladon, & Buttle,
2020; Tang et al., 2021; Tecle & Neary, 2014). Severe fires may kill all understory and overstory vegetation, causing a
shift in vegetation structure and composition and significantly reducing ET. Wildfires can also burn the organic matter
of the litter layer, reducing soil infiltration capacity due to the formation of water repellency (Neary, Ryan, & DeBano,
2005). Consequently, following wildland fires, peak flow rates and stormflow volume can increase dramatically, up to
1000 times historical levels (Beyene, Leibowitz, & Pennino, 2021; Neary et al., 2005), resulting in flash flooding and
debris flow. Comprehensive studies using historical streamflow records in the United States conclude that an increase
can last for more than 5 years (Beyene et al., 2021; Hallema, Sun, et al., 2018). However, fires can cause a permanent
change in watershed ecosystem characteristics (e.g., geomorphology, vegetation cover), thus permanently changing
hydrology (Robinne et al., 2021).

The lasting effects of wildland fires on watershed hydrology may vary depending on the intensity and size of burned
areas, local climate characteristics such as radiation and dryness, topography, and the speed of vegetation recovery
(Goeking & Tarboton, 2020; Hallema, Sun, et al., 2018). Fires not only affect watershed energy balances but also may
affect the snow distribution and timing of melting. Low-severity prescribed fires in the southern United States generally
do not have appreciable effects on hydrology. However, recent studies in the western United States suggest streamflow
can decrease following low-severity wildland fire disturbances (Goeking & Tarboton, 2020). Such a conclusion is con-
sistent with Hallema, Sun, et al. (2018), who found a threshold of a watershed burning area of 19%.

The loss of soil vegetative and litter covers due to severe fires may increase soil erosion and nutrient loss, threaten-
ing water quality downstreams and municipal water supplies (Hohner, Rhoades, Wilkerson, & Rosario-Ortiz, 2019;
Pacheco & Fernandes, 2021). These impacts are often further amplified by salvage logging practices. Reservoirs that
serve as public drinking water supply and recreation may be impacted by elevated sediment deliveries, algae-promoting
nutrients, and heavy metals (Bladon, Emelko, Silins, & Stone, 2014; Wang, Dahlgren, Ersan, Karanfil, & Chow, 2015).
Forest fires may mobilize contaminants in soil and water through ashes and volatilize biomass into gases like CO,.
Dissolved organic matter leached from burned or pyrogenic material promoting microbial growth in drinking water is
costly to clean and can have lasting effects on water quality in burned landscapes for decades (Chow, Tsai, Fegel,
Pierson, & Rhoades, 2019). In addition, burned biomass, fire retardant, and suppression chemicals such as inorganic
nitrogen and phosphorus can result in algal blooms (Tang et al., 2021). A recent global meta data analysis by Hampton
et al. (2022; American Geophysical Union (AGU) meeting presentation) with data from the United States, Canada,
Australia, Europe, and South Africa found concurrent increases in C, N, and P species, and sediment in postfire land-
scapes. Fire increases N and P speciation by 40%—60% in the proportion of soluble inorganic N and P relative to total
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N and P, suggesting altered nutrient stoichiometry. However, fire decreases C:N and C:P ratios, with median decreases
ranging from 60% to 70%. The authors found a “hockey stick”-like response in the concentration of NO;~, PO, and
total suspended solids to fires, suggesting an increase in mean concentrations is driven by isolated, rare events.

Insects, pathogens, and diseases

As one type of forest disturbance, insect and disease outbreaks affect more areas and result in greater economic losses
than other disturbances in the United States (Dale, 2001). Epidemics by forest insects and pathogens typically occur at
low population or infection levels in forests. However, they can occasionally affect large areas that exceed the land area
impacted by wildfire yearly. For example, in 2018, pests and pathogens damaged more than 6 million acres of forests
nationwide in the United States. The five most damaging insect and disease agents include mountain pine beetle, spruce
beetle, fir engraver, western pine beetle, and five-needle pine decline. Since 2012, mountain pine beetle damage has
increased by 1.1 million acres annually (Oswalt, Smith, Miles, & Pugh, 2019).

Climate change-induced drought, heatwaves, tree mortality, and fire disturbances aggravate forest pests and patho-
gen problems, expanding their range and prevalence (Allen et al., 2015). In addition, when trees are exposed to wildfire,
air pollution, heatwaves, or water stress, they can become less resilient to pests and pathogens. For example, mountain
pine beetle infestation in the western United States is projected to increase with climate warming and drought, threaten-
ing five-needle pine forest productivity, tree mortality, and wildlife habitat depending on them (Vose, Peterson, &
Patel-Weynand, 2012).

Forest disturbances by insects and disease affect watershed hydrology by altering precipitation redistribution, snow-
pack and melting, soil moisture, canopy interception, soil evaporation, and tree transpiration (Adams et al., 2012;
Biederman et al., 2014; Williams et al., 2013). For example, defoliations and die-off of hemlock trees in the riparian
areas in the Appalachians by Hemlock Woolly Adelgid reduced tree transpiration and thus might have expanded “‘vari-
able source areas” and stormflow immediately (Brantley, Miniat, Elliott, Laseter, & Vose, 2015; Singh, Knighton,
Whitmore, Walter, & Lassoie, 2020). Bladon et al. (2019) reported increased streamflow following a forest epidemic.
However, data are lacking on the magnitude and direction of hydrologic changes following widespread but low-severity
insects and disease disturbances. Studies in the western United States suggest that low-severity disturbances can
decrease streamflow at low latitudes and south-facing aspects where aridity and incoming solar radiation are high and/
or where tree canopies were replaced by the rapid growth of dense grasses or shrubs (Goeking & Tarboton, 2020).

Invasive plants

Invasive plants refer to these introduced nonnative, exotic, or nonindigenous species established in new natural habitats
with potential for causing economic and environmental harm (Vose et al., 2012). The spread of invasive species in the
terrestrial and aquatic environment is widely recognized as one of the most severe threats to the health, sustainability,
and productivity of native ecosystems (Mayfield et al., 2021). Climate change is predicted to increase the spread and
establishment of invasive plants in forests, especially in mountainous regions where cooler temperatures and close cano-
pies dominate (Vose et al., 2012). Wildland fires and drought also provide conditions for introducing invasive plants,
insects, and diseases. Conversely, the spread of invasive plants, especially grasses, has dramatically increased the spread
of wildfire. The combined effects of plant invasions and fires are changing fire regimes. For example, cheatgrass
(Bromus tectorum) in the Great Basin is a good example of invasives shifting the fire regime. Balch, Bradley,
D’Antonio, and Gomez-Dans (2013) conclude that large-scale cheatgrass invasion elevates fire size, duration, spread
rate, and interannual variability compared to other prominent land cover classes across the Great Basin, United States.

Invasive plants affect water quantity and quality by altering the ecological processes (e.g., C, water, nitrogen
cycling) (see review in Miniat et al., 2021) when they (1) acquire resources differently from native species in space or
time, (2) use acquired resources with different efficiencies, (3) alter trophic linkages and resulting food webs, and (4)
alter the frequency, duration, extent, and/or intensity of disturbances. For example, changes in forest stand structure
(e.g., leaf area) or physiology, phenology, or morphology of the dominant species at the stand level (e.g., WUE, leaf
phenology, xylem, or rooting characteristics) can later affect ecosystem level ET and thus water yield (Le Maitre,
Gush, & Dzikiti, 2015).

Data on the impacts of invasive plants on the full water cycle and water quality are limited. In general, species con-
version from native to invasive species increases ecosystem productivity and carbon sequestration and accelerates nutri-
ent and water cycles (see review in Lee, Bernhardt, & van Bodegom, 2017; Liao, Peng, & Luo, 2008). Invasive plants
often use more water than natives, resulting in lower soil moisture, and thus can cause substantial (> 10%) declines in
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streamflow. Other reported impacts on hydrology include altering stream channel morphology, flood frequency, and
severity, or groundwater recharge dynamics (Miniat et al., 2021).

Invasive plants affect water quality by elevating chemical concentration in streams from reduced water volume,
increasing suspended sediment loads from increased soil erosion, increasing nutrient leaching from altered biogeochem-
ical cycles under soil acidification, and addition of novel plant exudates (Miniat et al., 2021). In addition, symbiotic
invasive plant species that fix atmospheric nitrogen may elevate N inputs to plants, soils, and groundwater systems. For
example, Jovanovic, Israel, and Tredoux (2009) found that nitrate (NO3) concentrations in groundwater increased fol-
lowing the invasion of shrublands (Acacia saligna (Labill.) Wendl. f.).

Mitigation and adaptation measures in response to climate change

There is high confidence in the IPCC ARG that climate change will negatively impact ecosystems and aggravate water
shortages globally (IPCC, 2021). Forest management (e.g., afforestation and reforestation) has been regarded as a cru-
cial means to mitigate climate change. This confidence is because forests are significant “carbon sinks” offsetting CO,
emissions by other economic sectors. However, forests have limitations in mitigating extreme climate and hydrology.
Also, tradeoffs between water supplies, carbon sequestration, and other ecosystem services exist in different parts of the
world. For example, biological carbon sequestration comes at the expense of water supply.

This section discusses how forests may mitigate extreme hydrology, such as floods, presents examples of climate
mitigation adaptation strategies adopted by the forest sector in the United States, China, and Nepal, and discusses their
implications for the water supply. Finally, we demonstrate that forest climate change adaptation and mitigation mea-
sures must be tailored to local natural conditions, water in particular, and socioeconomic conditions to be sustainable.

Forest management for mitigating climate change impacts

In principle, forest management may mitigate or aggravate the climate change impacts on extreme hydrology (Ford,
Laseter, Swank, & Vose, 2011). For example, conifer forests use much more water than deciduous forests. They thus
may mitigate floods in wet years but aggravate drought in dry years in the mountains of the southeastern United States.
Similarly, forested wetlands can play a significant role in storing floodwater and attenuating river flooding due to heavy
storms brought by hurricanes in the lower coastal plain (Williams, Song, Hitchcock, & O’Halloran, 2020). Bradshaw,
Sodhi, Peh, and Brook (2007) first global-scale empirical study demonstrated that forests are correlated with flood risk
and severity in developing countries. This conclusion reinforces the imperative for large-scale forest protection to pro-
tect human welfare and suggests that reforestation may help to reduce the frequency and severity of flood-related cata-
strophes. In that context, using a global-scale analysis of flood risk, Laurance (2007) showed that one strategy for
reducing catastrophic floods invokes protecting or regenerating forests that lie upstream of a threatened region.

However, the science of forests and flooding is embroiled in conflict and urgently needs reevaluation in light of
changing climates, insect epidemics, logging, and deforestation worldwide (Alila et al., 2009). Afforestation is rarely an
efficient approach to flood-risk management (Ellison et al., 2017; Marapara, Jackson, Hartley, & Maxwell, 2021).
Bathurst et al. (2020) state that forests do not prevent floods and do not appear to affect the magnitude of larger floods.
Above a certain magnitude (or frequency) of a rainfall event, there is little difference in the peak discharges of forested
versus nonforested catchments for those with a surface area larger than 1500 km?. Both field data and model studies
suggest that either absolute or relative convergence (depending on antecedent soil moisture conditions) for large events
appears to be at a rainfall return period of about 10 years. According to the frequency-pairing approach, forests can
reduce the flood frequency for larger floods compared to more minor floods. The flood frequency, above which forest
cover loses its potential mitigating effect, seems likely to vary between catchments, with a moderate return period
(5—20 years) in some cases but more extreme values possible in others (Bathurst et al., 2020). Such was the case with
extreme precipitation events (potentially exceeding 100-year return periods) due to Hurricanes Joaquin and Mathew in
South Carolina both back to back in October of 2015 and 2016, respectively. Severe flooding (Amatya, Williams, et al.,
2016; Mizzell, Malsick, & Tyler, 2016) occurred in the coastal forests during these events in which soils were fully sat-
urated and potentially losing buffering capacity, and the forests became a source of additional flow.

The apparent inability of forests to buffer against extreme floods is one of the main arguments of the FAO-CIFOR
team, who assert that expensive efforts to reforest steep catchments in densely populated, monsoonal countries such as
Nepal, India, and Bangladesh have been largely ineffective (Laurance, 2007). Calder and Aylward (2006) recommend
an evidence-based approach to watershed and integrated flood management, which may even be necessary for changing
climate when adaptive management approaches are increasingly becoming important. Predicted changes in climate
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foretell fewer, more intense precipitation events, suggesting further warming and related changes in precipitation pat-
terns may reduce forest flood mitigation potential (Ellison et al., 2017).

Overall, forest functions are under increasing multiple threats from climate change, wildland fires, insects and patho-
gens, and population growth. Forest adaptation measures are needed to maintain the forest functions and enhance their
resilience to disturbances. Therefore there are uncertainties about the effectiveness and feasibility of using forests to
mitigate some aspects of climate change.

United States: forest ecosystem restoration

About 34% (i.e., 766 million acres) of the conterminous U.S. land is classified as forest. Over half of the forests are pri-
vately owned. These forest lands are recognized as an integral component of the landscape, and maintaining their func-
tional integrity is fundamental for the sustainability of ecosystems and societies (Amatya, Skaggs, & Trettin, 2009).
Forest ecosystem services such as timber products, clean water, wildlife habitat, and recreation are increasingly valued
(Oswalt et al., 2019). In addition, forests are considered part of climate change solutions because U.S. forests sequester
10%—15% of U.S. carbon emissions (Fargione et al., 2018) and benefit over 130 million people for surface drinking
water supply (Liu et al., 2021). U.S. forest acreage has been stable since the 1930s. However, these forests are becom-
ing fragmented (Caputo, Butler, Brandeis, & Riitters, 2020) and denser in the last two decades (Woodall & Weiskittel,
2021), being vulnerable to disturbances such as climate change, hurricanes, drought, and wildland fires.

Forest hydrological research in the United States has a long history. Recent studies have focused on a renewed mis-
sion to understand global change effects on water supply toward developing effective watershed management to adapt
to a new environment that is becoming more complex (Jones et al., 2020; Vose et al., 2011, 2016). Long-term small
watershed monitoring in the United States across a sizeable climatic gradient identifies different responses to climate
change (Creed et al., 2014; Jones et al., 2012; Laseter, Ford, Vose, & Swift, 2012; Vose et al., 2012). A simulation
study on the effects of future climate change on water yield (Q) and GPP in U.S. National Forest Systems suggests a
divergence in these two key ecosystem service variables (Duan et al., 2016; Fig. 6.7). This study used two emission sce-
narios and 20 Global Climate Models (GCMs) of the Coupled Model Intercomparison Project phase 5. On average,
gross ecosystem productivity is projected to increase by 76—229 g Cm > yr ' (8% —24%). In contrast, water yield is
projected to decrease by 18—31 mm yr ™' (4%—7%) by 2100 in response to a combination of increased air temperature
(+1.8°C +/- 5.2°C) and precipitation (+17 4+ /-51 mm yr_'). Spatially, most U.S. National Forest Systems are pro-
jected to increase in GPP (except southwestern U.S. dry regions) but a decrease in water yield (except in the U.S. west-
ern coastal areas). However, Guo et al. (2022) suggest that much of the GPP increase due to an increase in air
temperature will stay in vegetation as opposed to soils, making the carbon less stable.

Climate adaptation strategies in the U.S. Forest sector range from short-term conservative to long-term proactive
approaches (Millar et al., 2007; Peterson et al., 2011; Vose & Klepzig, 2014). These strategies are based on principles
that include promoting and increasing ecosystem resistance and restoring highly altered ecosystems aligned with novel
climate conditions (Vose & Klepzig, 2014). Selected adaptation options for managing hydrologic impact (Luce, 2018;
Sun, 2013) and ecosystem risks from climate change are listed in Table 6.1.

One recent example is the U.S. Forest Service’s new “paradigm shift” initiative on forest treatment in response to
the increased risk of wildland fires. The 10-year (2021—2030) strategy that will cost over $20 billion aims at reducing
fuel loads and the risk of catastrophic wildland fires that threaten U.S. forests and people’s lives. The plan targets treat-
ing an additional 20 million acres of U.S. National Forest System lands and up to 30 million acres of federal, state,
tribal, and private lands over the next decade. Fuel treatment to dense forests can benefit watershed ecosystem health
from reducing fire risks and invasive plants to drought mitigation. One such type of initiative is the North Yuba Forest
Partnership, funded under the 10-year strategy (https://www.yubawater.org/317/North-Yuba-Forest-Partnership). The
partnership conducts thinning and prescribed fire to protect at-risk communities from the threat of catastrophic wildfire
and restore the watershed ecosystems to a healthier, more resilient state.

Another example of ecological restoration that involves forest adaptation to a changing environment is the
America’s Longleaf Restoration Initiative (ALRI) in the southeastern United States. The ALRI is a collaborative effort
of multiple public and private sector partners that actively supports range-wide efforts to restore and conserve longleaf
pine ecosystems. Most of the original longleaf pine on the coastal plain was gone by the 1920s, and today less than 3%
of the original extent of longleaf vegetation remains in natural conditions (Peet, 2007). A spectrum of ecological (e.g.,
wildlife habitat), economic, and social values of longleaf pine have been increasingly recognized. In addition, longleaf
pine is being recognized for its resilience to climate change. For example, Lockaby et al. (2013) hypothesized that
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FIGURE 6.7 Changes in multiyear mean annual water yield (%) from the baseline (1970—1999) to the future periods (2020—2049 and 2070—2099)
under representative concentration pathway of the RCP4.5 and RCP8.5 scenarios in the 170 U.S. National Forest Systems grouped in nine climate
regions in the United States. The box-whisker plots display the area-averaged changes projected from different GCMs. The four future scenarios for
different periods and greenhouse gas emission levels are denoted by S1 (RCP4.5/2030s), S2 (RCP4.5/2080s), S3 (RCP8.5/2030s), and S4 (RCP8.5/
2080s) in the x-axis. The area-averaged values within each climate region are shown along the y-axis, and the results under different scenarios are
listed along the x-axis. The boxes cover the ranges from the 25% quartile to the 75% quartile of the distributions (inter-quartile range, IQR), with
median values marked by a red line within each box, and points outside the whiskers are taken as extreme outliers. From Duan, K., Sun, G., Sun, S.

Caldwell, P. V., Cohen, E. C., McNulty, S. G., ... Zhang, Y. (2016). Divergence of ecosystem services in US National Forests and Grasslands under a
changing climate. Scientific Reports, 6(1), 1—10. https://doi.org/10.1038/srep24441.

restoring longleaf pine could be a management strategy to increase water yield to mitigate drought effects on water
supply.

Longleaf pine restoration has been considered by the Landscape and Conservation Cooperative (Olliff et al., 2016)
as part of the strategies to tackle large-scale conservation issues and “smart climate solutions” in the south Atlantic
region. Restoring longleaf pine has become one of the principal goals in the Forest Plan of the Francis Marion National
Forest (FMNF) in South Carolina (http://www.fs.usda.gov/main/scnfs/landmanagement/planning). Planned and potential
restoration activities will likely change large portions of the southeastern U.S. landscape. Although the achievement of
desired conditions for the longleaf ecosystem can often be assessed based on only stand structure or species composi-
tion (e.g., open canopy, sparse midstory, diverse uninterrupted herbaceous layer), the total value of longleaf pine resto-
ration for water and carbon ecosystem services is mainly unknown (Brantley, Vose, Wear, & Band, 2017). Restoring
longleaf pine ecosystems that have low basal area and are frequently burned would benefit water resources by maintain-
ing reduced ET and elevated streamflow and groundwater recharge compared to high stock forests (i.e., loblolly pine).
Our recent remote sensing study suggests that longleaf pine stands have higher albedo and land surface temperature,
but lower leaf area index and ET compared to nearby loblolly pine stands with a similar age in the southeastern United
States (Ning Liu, unpublished data). Recent modeling studies showed an increase in water yield by converting the lob-
lolly pine stands into longleaf stands (Amatya, Hamidi, Trettin, & Dai, 2022; Qi, Brantley, & Golladay, 2022). A long-
term experimental study accompanied by a modeling approach is underway to test the hypothesis that a watershed scale
restoration of longleaf pine replacing the loblolly dominated system increases water yield, potentially due to reduced
ET, at Santee Experimental Forest in South Carolina, USA (Amatya et al., 2021).

Research on the benefits of fuel treatments (e.g., thinning, prescribed burning) is increasingly performed across the
United States. A modeling study by Sun et al. (2015) showed that forest thinning can significantly augment water yield
depending on local vegetation and climatic characteristics under historical and projected climate scenarios (Fig. 6.8).
However, field experiments in the western United States (Sierra Nevada mountains) show variable results about the
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TABLE 6.1 Adaptation options for managing forest hydrologic impact and ecosystem risks from climate change.

Hydrologic impacts

Water supply stress increase

Increase in atmospheric demand
and actual evapotranspiration

Sea level rise

Increase in peak flow,
Stormflow volume, floods

Decrease in snowpack and
summer flow; decrease time to
peak flow in snow-dominated
regions

Decrease in low flow decrease
from atmospheric drought

Change in wetland hydroperiod

Increase in stream water
temperature

Increase in soil erosion and
sedimentation from intensified
storms

Increase in chemical use and
pollutant deposition

Risks to ecosystems and society

Water shortage; drying up of drinking water
wells;

Consequences to aquatic ecosystems,
socioeconomics, and business

Hydrologic droughts; wildfires; insect, disease
outbreaks

Flooding; saltwater intrusion; forest
degradation “Ghost Forest”

Flooding; lost properties increased soil erosion
and sedimentation

Water shortages for irrigation and power
supply during the summer peak demand
period; road erosion, affecting water quality
and aquatic habitat

Water quality degradation; fish habitat loss;
reduced transportation capacity

Wildlife habitat loss; greenhouse gas (CO,,
CH,4, NO,) emission; increase risk of wildland
fires, invasive plants

Water quality degradation; loss of cold fish
habitat

Water quality degradation; siltation of
reservoirs; increased cost of water treatment

Water quality degradation; higher cost of
water treatment

Adaptation options

Maintain watershed health; reduce
groundwater and surface water use for
agriculture and lawns; enhance water
conservation; increase water use efficiency and
storage; recycle water; institute adaptive
management.

Plant native tree species; reduce tree stocking;
thin forests; prescribed burning

Use salt tolerate tree species; use control
structure to control seawater backflow

Reduce impervious areas; increase stormwater
retention ponds; increase evapotranspiration by
increasing forest coverage; increase water
storage capacity; install larger culverts;
decommission roads in floodplains

Restoring the function of watersheds,
connecting floodplains, maximizing valley
storage, and reducing hazardous fuels;
increasing the resilience of stream crossings to
higher peak flows and facilitating response to
higher peak flows by reducing the road system
and disconnecting roads from streams.

Increase water storage; reduce off-stream water
withdrawal

Plug ditches; adjust outflows from reservoirs;
reduce development around wetlands

Restore and maintain cold water habitat;
maintain and increase forest riparian buffers
and shading

Enhance forest best management practices
(BMPs); redesign riparian buffers; minimize the
direct discharge of runoff from roads to streams

Maintain streamflow quantity; applications of
BMPs

Source: Revised from Sun, G. (2013). Impacts of climate change and variability on water resources in the Southeast USA. In K. T. Ingram, K. Dow, L. Carter,
& ). Anderson (Eds.), Climate of the southeast United States (pp. 210—236). Washington, DC: Island Press. https://doi.org/10.5822/978-1-61091-509-0_10
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effects of fuel treatments on water yield. Bart et al. (2021) found that fuel treatments decreased forest mortality in a
high-elevation watershed but had no effect on annual streamflow. They suggested that fuel treatments did not affect for-
est mortality, and annual streamflow might have increased in a low-elevation watershed. They conclude that fuel treat-
ments in water-limited systems may not provide full hydrologic benefits to both forest mortality and streamflow
concurrently in a watershed.

China: large-scale afforestation, reforestation, and ecological restoration

China is the world’s largest CO, emitter (27%), followed by the United States (13%). Global climate change has seri-
ously impacted China’s forests, water supply, and human lives. China has the world’s most diverse forest ecosystems,
from northeast boreal forests to south tropical rainforests (Wu, Lin, Peng, & Liu, 2013). However, China’s forest cover-
age is below the world average due to thousands of years of land exploitation in this populous nation.
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Change in mean annual water yield due to a 50% reductionin LAl under historical climate
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FIGURE 6.8 Sensitivity of response of annual watershed (12-digit Hydrologic Unit Code) water yield to 50% reduction in Leaf Area Index of vege-
tation (LAI) across the conterminous United States under (A and B) historical climate (1990—2018) and (C and D) projected climate scenario
(2030—2090, RCP8.5) in absolute water yield response in mm yr71 (A and C); and relative change in percentage (%) (B and D). From Sun, G.,
Caldwell, P. V., & McNulty, S. G. (2015). Modelling the potential role of forest thinning in maintaining water supplies under a changing climate
across the conterminous United States. Hydrological Processes, 29(24), 5016—5030. https://doi.org/10.1002/hyp.10469.

Reforestation campaigns in China started in the 1970s with the Three-North Forest Shelterbelt Development Program,
and the late 1990s saw more large-scale programs such as “Grain for Green” and “Natural Forest Protection” that aim at con-
trolling dust storm and soil erosion (Song, Peng, & Zhou, 2014). Satellite images show that the majority of China has been
“greening up” thanks to reforestation efforts in the last two decades, climatic warming, an increase in precipitation (Xie
et al., 2015) in some regions, and increasing atmospheric CO, concentrations (Piao et al., 2020). During the past three dec-
ades, China has invested $378.5 billion in a land restoration program that covered 623.9 million ha of land and involved
over 500 million people (Bryan et al., 2018). Today, China has the world’s largest forest plantation area—approximately 84
million ha, which is more than one-quarter of the world’s total plantation area of 293 million ha (FAO UN, 2020). The total
forest cover in China has grown from about 11% of the land area in the 1980s to 23% in 2020 (FAO UN, 2020). New forests
are primarily found in the Loess Plateau in northern China, an area of the size of France, and the forest covers doubled from
50,000 to 100,000 km? between 2001 and 2016 and successfully reduced soil erosion and enhanced the potential for climate
change mitigation (The One Earth Editorial Team, 2020). China has ambitious plans to further increase forest cover to 26%
by 2035 and to 43% by 2050 as part of a policy to promote an “ecological civilization” (http://www.chinadaily.com.cn/a/
201801/07/WS5a51d706a31008cf16da58e5.html).

Climate change and its impacts on forest structure and functions (i.e., water yield) have been observed across China
(Zhou et al., 2013). The annual mean surface air temperature in mainland China increased by 0.08°C—0.12°C per
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decade from 1901 to 2015 (Zhai & Tao, 2021). The temperature increase was most pronounced in northern China dur-
ing the winter and spring seasons. The increase in temperature has been more rapid since the 1950s (Ren, Ding, &
Tang, 2017; Sun et al., 2022). Overall, mean annual precipitation had no significant trend in China for the past 50 or
100 years (Ren et al., 2017). However, extreme climate events, such as heatwaves, droughts, floods, and tropical
cyclones, have increased (Ding, 2018) and are believed to be related to human activities (Sun et al., 2022). Most
recently, record rainfall episodes and floods occurred in July and October 2021 in northern China (World
Meteorological Organization, 2021). An increase in greenhouse gases and urbanization are the two major causes of cli-
mate warming in China (Sun et al., 2022).

In response to UN Climate Action Summit, China has taken the position of NbS to address climate change. In the
forestry (and grassland) sector, nationwide land greening and conservation campaigns increased forest, grassland, and
wetland resources. In addition, they enhanced the ecosystem functions, such as an increase in carbon sinks and soil ero-
sion control. The Action Plan for Forestry to Adapt to Climate Change (2016—2020) aims to strengthen the sustainable
management of forests, effectively control forest disasters, promote a virtuous cycle of grassland ecology, improve the
network of nature reserves, and strengthen ecological protection and governance. For the water resource sector, mea-
sures for climate change adaptation include improving flood control, drought relief, and disaster mitigation system, opti-
mizing water resources allocation, strengthening the building of a water-saving society, and comprehensively
implementing the River and Lake Chief System, in which each section of a river is assigned to a responsible official.

Undoubtedly, China’s large-scale reforestation-based ecological restoration efforts have transformed the local land-
scape and brought tremendous benefits to China and the rest of the world on a wide array of environmental issues (e.g.,
biodiversity loss, climate change, desertification, droughts, floods, soil erosion) as well as socioeconomic challenges
(e.g., poverty alleviation, social conflicts, and economic development) (Liu, Li, Ouyang, Tam, & Chen, 2008).
However, lessons have been learned, and the experiences gained by China are invaluable to ecological restoration and
climate change adaptation efforts in the world (Sun et al., 2006). Bryan et al. (2018) reviewed China’s investment strat-
egies for land-system sustainability. They suggested that the large-scale afforestation programs were successful and set
a world example to address future challenges in ecological restoration.

However, unintended local (soil desiccation), watershed, and regional (rising ET and river flow reduction) negative
impacts from these programs on water resources have been recognized in dry areas (Cao et al., 2011; Feng et al., 2016;
Xu, 2011; Fig. 6.9) as well as wet areas (Zhang et al., 2021, 2022). The unintended hydrological impacts are considered
alarming for the health of Asia’s third-largest river, the Yellow River, which showed a declining trend in river flow and
a 60% drop in sediment loading to the ocean (Wang et al., 2016). An emerging question is how to balance the tradeoffs
of ecosystem services among water yield, soil erosion control, biodiversity, and carbon sequestration from afforestation
in arid regions (Li et al., 2012; Sun et al., 2017). Water resources have become a bottleneck for vegetation-based eco-
logical restoration to further enhance other ecosystem services in dry regions in northern China. China’s forests are

FIGURE 6.9 Afforestation with fast-growing
poplar trees to control water and wind erosion in
the Yellow River Basin in northern China may
not be effective, and careful ecohydrological
science-based planning is needed in tree planting
campaigns to mitigate global climate change
impacts. A Nature-based Solutions (NbS)
approach is preferred for combating climate
change and sustainable development. Ge Sun
(Photo).
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relatively young, with low forest density vulnerable to climate change and variability. A modeling study by Yin, Ma,
and Wu (2018) suggests that climate change under RCPS8.5 likely has more obvious long-term impacts than low-
emission scenarios. The forest areas under high risk were predicted to increase from 5.4% (2021—2050) to 27.6%
(2071—-2099). The forest vegetation growth was predicted to weaken as the degree of warming increased under
RCPS8.5, especially in humid southern China (Yin et al., 2018).

Monoculture and exotic fast-growing tree species (using more water than native trees) have been widely used in
afforestation across China (Liu et al., 2008; Zhao, Yang, Wu, & Tan, 2017). Consequently, biodiversity is threatened
by climate change, pollution, overexploitation of natural resources, and habitat loss (Pereira, Navarro, & Martins,
2012). In addition, these forest types are susceptible to attack by insects and diseases, droughts, and wildfires (Liu
et al., 2008). Active forest management practices, such as thinning, prescribed burning, and introducing native tree spe-
cies, promote climate resilience, help forests adapt to future climate conditions, and improve their ecological functions.
It is equally important to consider when and where alternative forest management methods should be used, including
harvest levels, cutting methods, the spatial location of harvesting (Yu et al., 2011), and silviculture methods (such as
tree species choices) in reforestation to adapt to future environmental conditions. Urban forestry and wetland conserva-
tion based on NbS principles and other Low Impact Development “green infrastructure” have merits in urban design to
reduce “Urban Heat Islands” and “Urban Dry Islands,” flooding, and water quality problems under a changing climate
(Hao et al., 2018).

Nepal: “Community Forestry” adaptation to climate change

Nepal is a country in the center of the Himalayan region, which contains the world’s highest mountains representing
“Water Towers” for ten large Asian river systems (Eriksson et al., 2009). About 80% of Nepal’s landscape comprises
mountains, hillsides, and watersheds that feed over 6000 rivers (NWP-N, 2005). The river basins support water uses for
a population of 1.3 billion for drinking, irrigation, hydropower, and industry.

The climate in Nepal is controlled by the southeasterly monsoon that provides over 80% of annual precipitation dur-
ing the rainy summer months (June—September) (Shrestha & Aryal, 2011). Monsoonal precipitation is the country’s
most crucial climatic element for agriculture and water resources (Malla, 2008). The climate in the country varies sig-
nificantly within a span of less than 200 km, featuring the high Himalayan Mountains in the north and the low-lying
Gangetic Plains in the south (USAID, 2017). Consequently, Nepal has almost all climates, from subtropical to alpine
(Karki, Ulhasson, Schickhoff, Scholten, & Bohnes, 2017). The spatial rainfall pattern is dominated by the monsoon cir-
culation and its interaction with the high mountains and low plains (Kansakar, Hannah, Gerrard, & Rees, 2004). The
average annual rainfall is 1311 mm, most of which falls during the monsoon season (June—September) and specifically
in July (330 mm) and falls to below 50 mm per month in November—April (USAID, 2017). The highest annual daily
temperatures are recorded in the southern Terai and Siwalik regions (25°C), while the lowest temperatures are observed
in the northern high Himalayan regions (—1°C) (USAID, 2017).

Climate change

Climate change has drawn attention from the state, local government, and others to act for developing mitigation
and adaptation strategies (Regmi & Bhandari, 2013). Long-term data showed that temperatures in Nepal increased
at the rate of 0.56°C per year from 1971 to 2014 (Department of Hydrology & Meteorology [DHM], 2017).
Warming occurs in all regions of Nepal, with the highest rate of increase at higher altitudes in the high mountain
and Himalayas region. Dahal, Shrestha, Tuitui, and Ojha (2018) also reported that air temperature in Nepal
increased by 0.6°C per decade. The mountain areas had a higher increase in temperature (0.8°C per decade) than
the low-lying areas (0.4°C per decade). Similarly, precipitation data from 1971 to 2014 show a decreasing trend,
mainly in the high mountain and Himalayas in all seasons (DHM, 2017). Precipitation extremes increased (Karki
et al., 2017). Long-term rainfall data show inconsistent patterns across Nepal but increasing rainfall intensity and
no rainy days have been reported (Malla, 2008), resulting in prolonged droughts and heavy rain events. In Nepal’s
Himalayas, the estimated ice reserve between 1977 and 2010 decreased by 29% (Bajracharya, Maharjan, Shrestha,
Bajracharya, & Baidya, 2014). The number of glacier lakes increased by 11%, and glaciers receded by an average
of 38 km? per year during the same period. Temperatures have increased over the decades, and the number of
“cold” days and nights has decreased significantly (World Bank, 2020). Rainfall has decreased each month over
the decades, especially during the monsoon period (June—September) (World Bank, 2020). Rainfall is increasingly
falling as rain instead of snow in the high mountains, resulting in a loss of the Himalayan glaciers. The drier
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months (winter) will become drier, and the wetter months (summer) will become wetter (USAID, 2017). However,
projections of future monsoon rainfall are generally positive, resulting from thermodynamic forcing and increased
flooding is a significant concern (Turner & Annamalai, 2012).

Community forestry

Nepal’s forests play an important role in local mitigation and adaptation measures to climate change, such as protecting
communities from extreme weather events; reducing erosion and sediment retention; increasing land available for diver-
sified local livelihoods; and providing ecosystem services such as food and fiber (Tiwari, Rayamajhi, Pokharel, &
Balla, 2014). However, these functions have been threatened by climate change and human activities in recent years. In
order to restore the structure of forest ecosystems and maximize the multiple service functions of forests, the govern-
ment of Nepal has launched several actions, such as the construction of a rainwater collecting pond for irrigation, water
conservation, agroforestry composite practice, and training in climate change adaptation and mitigation (Tiwari et al.,
2014). However, there is still a significant knowledge gap on climate change impacts on forest water ecosystem services
leading to uncertainty regarding the long-term availability of freshwater in Nepal (Tiwari et al., 2020).

Nepal is a pioneer country in adopting “Community Forestry (CF).” Two-fifths of the national forests are under a CF
regime involving over one-half of the country’s total households (Pokharel, 2012; Pokharel, Neupane, Tiwari, & Kohl,
2015). It has successfully improved forest conditions with direct and indirect benefits and costs. “CF” is recognized as an
effective way to improve people’s livelihood while addressing sustainable development following the NbS approach. How to
protect the existing forest biodiversity and restore the service functions of the degraded watershed ecosystems while ensuring
the local livelihood is a complex scientific question. The comprehensive benefits provided by forest ecosystems to human
beings are far from simple quantitative problems (Calder, Smyle, & Aylward, 2007; Laurance, 2007).

Impacts of climate change on water resources

Climate change will aggravate the water insecurity in this mountain country (Dyurgerov & Meier, 2005; Nogués-Bravo,
Aratjoc, Erread, & Martinez-Rica, 2007), where many areas are facing severe water shortages (Ojha et al., 2016).
Streamflow varies widely with altitude and proximity to glacier and snow reserves (Dahal et al., 2018; Nepal, Krause,
Fliigel, Fink, & Fischer, 2014; Pradhananga et al., 2014; Wester, Mishra, Mukherji, & Shrestha, 2019). A recent study
pointed out that runoff from glacier melt in this region will reach a peak in the next few decades, and the melt runoff
will gradually decrease under the RCP4.5 scenario (Nie, Pritchard, Liu, Hennig, & Chen, 2021). For example, Shea
et al. (2015) suggest sustained mass loss from glaciers in the Everest region through the 21st century based on RCP4.5
and RCP8.5 climate projections in the eastern Dudh Koshi catchment in Nepal. Similarly, Bajracharya et al. (2014)
reported a loss of glacier area of 25% in Nepal between 1980 and 2010. How and when the loss of glaciers will impact
the downstream availability of water is an important area for further research (Wester et al., 2019).

In the mid-hilly region of Nepal, groundwater and springs are essential water resources. However, the extent of
groundwater contribution to river flow is not known due to limited scientific studies and evidence (Wester et al., 2019).
There are concerns about reduced river runoff due to land cover change and land “Greening Up” associated with global
warming in this region that may exacerbate the impact of drought risks and loss of springs. In addition, changes in veg-
etation leaf area and plant biomass affect local watershed hydrological processes (Forzieri et al., 2020; Vicente-Serrano
et al., 2021). The relationship between water resources and vegetation in alpine areas is significant to regional water,
energy, and food security.

Impact of forest management on springs and water ecosystem services

Springs are the primary water sources in the high hills and mountains of the Nepal Himalayas for drinking, and other
household uses during low-flow seasons (Gurung et al., 2019; Wester et al., 2019). Rejuvenating spring sources influ-
enced by land use change, groundwater use, and climate change is one of Nepal’s many pathways to building climate
resilience (Kulkarni, Desai, & Siddique, 2021). However, aquifers are depleting due to multiple anthropogenic activities
and climate change (Tambe et al., 2012). Land use change and the development of infrastructures such as road building
have disrupted the hillslope hydrology in the middle mountains of Nepal (Ghimire, Chapagain, & Shrestha, 2019),
which has led to the drying up of spring sources. Land use change also caused a reduction of regular flow regimes,
especially during the dry season (Chapagain, Ghimire, & Shrestha, 2019; Ghimire et al., 2019; ICIMOD, 2015).
However, it is unclear how forest management plays a role in the current efforts to revive springs.

Community forest user groups (CFUGSs) invest in water source conservation that improves water quality and quan-
tity in rural areas. Water is a new dimension to community forest management in Nepal because forests promote water
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infiltration and increase soil moisture content and groundwater recharge (Bruijnzeel & Bremmer, 1989). In addition, cli-
mate change, forest use, and management affect water resources from spring sheds (Panwar, 2020).

Forest covers have a perceptible positive effect on water yield, especially on a microscale (Bruijnzeel & Bremmer,
1989). Local people reported that there had been improved water quality and increased quantity in their village under
community forest management (Birch, Thapa, Balmford, Bradbury, & Brown, 2014; Paudyal et al., 2017). Soil conser-
vation practices by planting trees on degraded land in the upper slope of the mountain region resulted in decreased soil
erosion and sedimentation (Niraula, Gilani, Pokharel, & Qamer, 2013). In addition, local villagers have perceived that
the number of springs and their volume and duration of water discharge has increased after improved forest conditions
(Pokharel, 2012). A study conducted in the Dharmadevi community forest, Sankhuwasabha district, showed that plant-
ing Alnus nepalensis (AKA, utis tree), bamboos, and cardamom in the forest has helped in conserving water and soil in
the area as well as providing income generating opportunities from bamboos and cardamom. A study by Paudyal et al.
(2017) in the Phewa Lake watershed concluded that CF management increased the delivery of a range of ecosystem ser-
vices due to increased water discharge rates and reduced siltation in a lake system. The Payment for Ecosystem
Services mechanisms benefitted CFUG members by generating income from water source conservation and supplying
quality water to the suburban areas from community forest lands (Bhatta, Helmuth, Rucevska, & Baral, 2014; Birch
et al., 2014; Rai, Shyamsundar, Nepal, & Bhatta, 2015).

In contrast, research by Ghimire, Bruijnzeel, Lubczynski, and Bonell (2014) suggested that community forests with
monoculture pine species plantations in the Kabhre and Sindhupalchok districts reduced water flow from the springs,
particularly during dry seasons, compared to the mixed broad-leaf forest types. Similarly, Das, Nepal, Rai, Bhatta, and
Khadayat (2019) reported that native broad-leaf forests provide better water provisioning services than Chir pine mono-
culture forests. Past research shows conifer forests have higher ET rates than natural broadleaved forests (Ghimire
et al., 2014). Similarly, hydrological studies in the central Himalayan region show a strong negative effect of planted
pine forests on moisture availability and dry season flow compared to natural broad-leaf forest areas (Ghimire et al.,
2014). A field study conducted in 2015 in the Kavre district Panchkhal area by CFUGs reported that water availability
in the spring and stream decreased after the introduction of the community forests. Planting the exotic pine species in
degraded forest areas in the early 1980s might have decreased water yield from the spring sources. Local communities
and farmers in central Nepal have expressed serious concerns about diminishing spring discharges and dry season flows
following the large-scale planting of the pines (Ghimire et al., 2014).

Linking forest management, water and people’s livelihood

Overall, CF programs improved water quality and increased water availability to the local communities through restora-
tion (FECOFUN, 2020) (Fig. 6.10). A study by Kalika CFUG Dang district reported that the construction of the water

FIGURE 6.10 Forests are valued for their role
in controlling soil erosion and providing reliable
water supply for crop irrigation and domestic
water use critical for people’s livelihood in rural
Nepal. Conghe Song (Photo).
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harvesting pond in the community forest area (Soria robusta mixed forest) had increased water flow in the streams even
during dry periods after 5 years (Thapa et al., 2018). Similarly, it is commonly practiced in the mountain region to uti-
lize CF funds for water source protection and water supply to the user group members in the household. Water avail-
ability at the household level significantly reduced the workload, particularly for women who collected water for
household consumption. MESC (2013) reported that about 10% of the CF fund was spent on drinking water in rural
areas.

Although Nepal’s forest condition has significantly improved under the CF program, the improvement of people’s
livelihood is well below its full potential primarily due to the inequality of benefit distribution among the CFUGs
households and/or the dominance of the elites in the decision-making (Pokharel, 2012). Moreover, as forests provide
essential means of livelihood, local district forest officials hand over forests to local communities for management after
approving the CFUG’s Constitution and Operation Plan.

However, the decision-makers did not foresee the interaction between the environmental system and social system
in the process of CF implementation. For example, community forests dominated by evergreen trees may lead to a
reduction in freshwater resources. Part of the reason lies in the lag effect of changes in ecosystem products and services.
Pokharel (2012) investigated whether the management system adopted by CFUGs was beneficial to the poor. Factors
such as the age of CFUGs, the number of households using community forests, and the percentage of Sal tree species
composition in the forests influenced the management regime of CFUGs.

Summary

Using literature from the United States, China, and Nepal, this chapter reviewed the direct and indirect effects of cli-
mate change, CO,, extreme precipitation, and SLR on forest water ecosystem services. We conclude that forest hydro-
logic responses will vary highly depending on local conditions and changes in precipitation patterns (i.e., forms, timing,
duration, and intensity) and atmospheric demand (i.e., air temperature and vapor pressure deficit). In addition, future
forest hydrology changes will depend on how a few disturbance agents such as drought, flooding, fire, insects and
pathogens, and invasive species interact, affecting the biophysical properties of forests (i.e., species composition above
and belowground dynamics, leaf area, albedo). Climate change does not act alone in affecting forest hydrology and
water resources. For example, land use change, ecological restoration, urbanization, and human water use in some
regions may aggravate or mitigate climate change impacts on water availability and stress.

Climate change adaptation strategies and tactics in the forest sector are essential for long-term forest management
planning. Forest adaptation plans must be developed based on vulnerability and risk assessment and fit local natural
and socioeconomic conditions. Our case studies across three countries show that increasing forest resilience and func-
tionality (Messier et al., 2022) through forest management or ecological restoration to droughts, fires, floods, and other
climate-related stressors (i.e., air pollution) is a common approach to adapt to a warming world and water shortage.
Traditional silviculture practices must be revised to fit novel environmental conditions by selecting suitable tree species
for the right place for their sustainability. Climate change adaptation measures must systematically consider the trade-
offs among ecosystem services (i.e., carbon sequestration, water supply, and livelihood). In particular, future forest
management must include water as a limiting factor and one essential management goal at multiple scales (FAO et al.,
2021).
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