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Abstract:

The goal of this study was to test the sensitivity of water yield to forest thinning and other forest management/disturbances and
climate across the conterminous United States (CONUS). Leaf area index (LAI) was selected as a key parameter linking changes
in forest ecosystem structure and functions. We used the Water Supply Stress Index model to examine water yield response under
18 scenarios that combine hypothetical LAI changes (+10%, +20%, —50%, and —80%), uniform increases in temperature (+1 °C
and +2 °C) and precipitation change (+10%), and four climate change scenarios projected by general circulation models (GCMs)
for the year 2050. Approximately 2100 large basins produced approximately 2003 billion cubic metres of water annually from
2002 to 2007. Forest lands covered 23% of the land surface area, but contributed 43% of the total water yield for the CONUS. As
a whole, water yield increased by 3%, 8%, and 13% when LAI was reduced 20%, 50%, and 80%, respectively, while water yield
decreased by 3% when LAI increased by 20%. Temperature increases of 2 °C alone could decrease water yield by 11%. A
reduction of precipitation by 10% and 20% could result in a decrease of water yield by 20% and 39%, respectively. The direction
and magnitude of water yield response to the combinations of LAI (+10%), climate warming (+1 °C), and precipitation change
(£10%) were dominated by the change in precipitation. Climate change projected by the four GCMs (CSIROMK?2 B2,
CSIROMK3.5 A1B, HADCM3 B2, and MIROC32 A1B) resulted in a large change in water yield (+18% to —64%) by
2045-2055 when compared with the baseline. A 50% reduction in forest LAI under the four GCMs scenarios could greatly
mitigate or exacerbate future climate change impacts on water yield in forest-dominated watersheds with high precipitation. This
study provides the first quantitative estimate of the effects of forest thinning options on water yield under future climate across
the CONUS. Effective forest water management for climate mitigation should focus on those watersheds identified. Published
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INTRODUCTION

Water supply is one of the important ecosystem services
of forests (Brown et al., 2008; Sun et al., 2011a) that are
under increasing threats from global climate change
(Vose et al., 2012a; Sun et al., 2013). Evidence about the
impacts of climate change on forests is widespread in the
United States (McNulty et al., 2013a; Joyce et al., 2014)
and elsewhere in the world (IPCC, 2014). Direct and
indirect negative consequences of climate change include
water yield decline and flooding, water quality degrada-
tion, changes in the distribution of tree species, increases
in fire frequency and severity, and insect and disease
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outbreaks (Vose et al., 2012a; Amatya et al., 2015).
Novel watershed management practices are needed to
mitigate the negative impacts of climate change and
variability and adapt to a new environment (Vose and
Klepzig, 2014). Forest thinning has been increasingly
adopted as one of the management options to reduce
wildfire fuel loads and high-severity fire risk (Stephens
et al., 2009), reduce tree competition for water and
nutrient resources (McLaughlin ef al., 2013), and improve
overall forest health and wildlife habitat (Demaynadier
and Hunter, 1996). In addition, watershed managers have
become increasingly concerned about changes in water
yield. Water yield, also known as runoff or streamflow,
represents the long-term differences between precipitation
and evapotranspiration (ET) in a watershed. Forest
thinning, among other ‘water saving’ methods, has been
recommended as a potential strategy to increase water
availability for both ecosystems and humans, and thus
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increase the resilience of watersheds to climate change
and variability (Grant et al., 2013). Quantifying the
spatial variability of watershed hydrologic response to
thinning is needed to prioritize forest management for
climate change mitigation and adaptation.

We know much about how watershed hydrology
responds to forest cover change and climatic variability
at a small watershed scale (Amatya et al., 2011; Sun
et al., 2011a, b; Vose et al., 2012a, b). Worldwide, small
watershed vegetation manipulation experiments over the
past century confirm that water yield can be significantly
influenced by forest management including thinning
(Andréassian, 2004; Brown et al., 2005). However, there
is a large uncertainty regarding the magnitude of
watershed response in part due to the large variability
of watershed climate, vegetation cover, and the magni-
tude of disturbances (Edwards and Troendle, 2012). In
addition, it is unclear how changes in water yield
observed in small experimental watersheds manifest itself
at the large basin scale. Similarly, forest hydrologic
response to future climate varies across forest types (i.e.
coniferous vs deciduous forests) and climatic regimes
(arid vs humid climate) (Lu et al., 2013; Creed et al.,
2014). Therefore, it is difficult to disentangle and quantify
the influences of climate, ecosystem feedbacks, and other
compounded environmental (i.e. CO,) (Warren et al.,
2011; Tian et al., 2012) and human factors (Sun et al.,
2008) on watershed hydrological change.

Global studies on forest ecohydrological processes
have shown that forest productivity and water use or ET
are strongly controlled by ecosystem biomass or leaf area
index (LAI) (Gholz et al., 1990; Gholz and Clark, 2002;
Sun et al., 2011a,b) in addition to many other biophysical
factors such as age, species, and climate. Simply put, the
higher the leaf and basal area of a forest, the more water it
uses. Over 60% of the variability in monthly ecosystem-
level ET can be explained by LAI (Sun et al., 2011a).
Thus, as forest thinning or mortality reduces leaf area,
total tree transpiration, canopy interception, and conse-
quently total water loss (ET) at the stand level will also be
reduced resulting in an increased water yield.

A reduction in water use by trees and canopy
interception due to biomass removal results in an increase
in water yield for groundwater recharge and streamflow
generation. For example, a 20-30% increase in water yield
after thinning mountain ash (Eucalyptus regnans) was
reported in Australia (Lane and Mackay, 2001; Hawthorne,
2011). Studies on the Appalachians in the eastern USA
suggest that first-year water yield increases due to forest
management are proportional to the basal area removed
and solar energy available (Douglass, 1983). Although
there is evidence that some tree species may increase
transpiration after thinning because of increased light and
soil water/nutrient availability (Hernandez-Santana et al.,
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2012; Boggs et al., 2014 this issue), watershed scale
studies suggest that thinning generally reduces ecosystem
ET, alters snow pack patterns, and increases total water
yield at least for the short term (Edwards and Troendle,
2012). The long term effects of thinning on water yield
depend on the transpiration characteristics (i.e. leaf area
and stomatal conductance) of the regrowth after the
treatment (Hawthorne, 2011). Grace et al. (2006a,b) found
that thinning a 15-year old loblolly pine plantation on the
North Carolina coastal plain (basal area=39m*ha~"') by
removing one third of the basal area reduced ET by about
5% and doubled water yield, indicating a strong vegetation
control on ET and watershed runoff in dry years. A 7-year
study in the Ouachita Mountains of Arkansas concluded
that water yield from a pine forest increased by an average
of 23% from thinning and 67% from clear cutting, mostly
during the growing season (Edwards and Troendle, 2012).
However, removing 32% of the basal area in a watershed in
at Dickey Brook, MA (under a colder climate) resulted in
no changes in the average peak discharges for 3 years
(Bent, 1994) but an increase in baseflow, direct runoff, and
total streamflow, groundwater recharge for six dormant
seasons and six growing seasons (May—September) during
1968-1973 (Bent, 2001). McLaughlin et al. (2013)
developed an empirical model that related pine forest
ET/precipitation ratio to LAI and stand basal area and
examined the cumulative effects of thinning and under-
story removal on water yield. This study concluded that
maintaining a lower basal area could gain up to 64% more
water yield through a full 25-year stand rotation on the
southeastern US coastal plain compared with the current
high-density plantations.

Water yield response to climate change is highly
dependent on changes in precipitation and potential
evapotranspiration (PET) in addition to the associated
changes in forest structure and composition (McNulty
et al., 2013a; Sun et al., 2013). For example, long-term
streamflow data in the USA suggest that mean annual
streamflow has increased over the past century largely
because of increased precipitation (Karl and Knight,
1998; Lins and Slack, 1999). Additionally, an increase in
air temperature can be directly translated to an increase in
PET (Lu et al., 2009; Dai et al., 2010) and decrease in
streamflow (Krakauer and Fung, 2008). However, the
magnitude and direction of the effects of climate change
on actual ET and water yield can be influenced by other
factors such as increasing carbon dioxide (CO,) concen-
tration and forest growth. The effects of CO, on
watershed level ET and runoff are not well understood
and are difficult to quantify due to multiple complex
ecohydrologic interactions (Cech et al., 2003; Gedney
et al., 2006; Warren et al., 2011), such as increasing plant
growing season length and leaf area, and drought stress
under a warming climate.
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The goal of this modelling study was to determine the
possible bounds of water yield response to prescribed
forest thinning practices as represented by the reductions
in LAI, potential climate change, and interactions
between thinning and climate at the large basin scale
[8-digit hydrologic unit code (HUC)] across the CONUS.
The well validated Water Supply Stress Index (WaSSI)
model (Sun et al., 2011b; Caldwell et al., 2012,
Caldwelll et al., 2015) was applied in this study. We
hypothesized that the effects of forest thinning on water
yield would vary spatially because of the spatial climatic
variability under current and future climate conditions and
associated forest leaf area dynamics over time and space.
Specific objectives of this study were the following: 1) to
examine the sensitivity of water yield to change in LAI
for 2100 watersheds across a large physiographic and
climatic gradient, 2) to examine the sensitivity of water
yield to climate changes under a series of scenarios that
were either fixed climate perturbations or projected by the
general circulation models (GCMs) around the year 2050
(2045-2055), and 3) to explore how vegetation manage-
ment (e.g. forest thinning) may mitigate (i.e. lessen)
reductions in water yield due to changes in climate by
reducing forest water use.

METHODS

We applied a watershed-scale monthly water balance
model, WaSSI, (Sun et al., 2001a; Caldwell et al., 2012)
to address our hypothesis and answer the proposed
questions. Modelling schemes were developed to cover a
range of potential temperature and precipitation change
and forest management (i.e. thinning) options. Prescribed
thinning scenarios were represented by the reductions in
LAIT at multiple hypothetical management levels. First, we
used historical climate to test the sensitivity of watershed
water yield to climate perturbations and LAI change
simulating forest thinning or growth. Then, four future
climate change scenarios projected by the four combina-
tions of GCMs and future greenhouse gas emission
storylines were examined to understand the water yield
response under projected climate change. Finally, we
examined how a 50% forest thinning practice would
affect water yield under climate changes projected by the
four GCMs and emission storyline climate scenarios
around the year 2050.

The WaSSI model

In this study, we used a previously developed
integrated ecosystem service assessment tool, WaSSI,
that has been used to quantify the compounded impacts of
climate change, land use change, and population growth
on water supply stress and carbon sequestration across the
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conterminous United States (CONUS) (Sun et al., 2011a;
Caldwell, et al., 2012). WaSSI has been used in climate
change assessments (Lockaby et al., 2011; Marion, et al.,
2013; Sun et al., 2013; Tavernia et al., 2013), has been
used for examining the nexus of water and energy at the
national scale (Averyt, et al., 2013), and has been applied
internationally in Mexico, China (Liu et al., 2013), and
Rwanda (McNulty et al., 2015), Tanzania, and Zambia. A
brief introduction of the model’s functionality and algo-
rithms is provided in the succeeding paragraphs, and the
details on model development and validation are found in
the works of Sun et al. (2011a) and Caldwell et al. (2012).

Water Supply Stress Index simulates the full monthly
water (ET, water yield, and soil moisture storage) and
carbon balances for each of the 10 land cover classes at
the 8-digit United States Geological Survey HUC scale
(i.e. approximately 2100 watersheds with a median size of
3210 km?). The HUC watershed is defined in a national
standard, four-level hierarchical system of hydrologic units
in the USA, ranging from 18 Water Resource Regions
(WRR) in the CONUS at the first level to approximately
2100 Cataloging Units, or HUC watersheds, at the fourth
level (Seaber et al., 1987) (Figure 1).

Mathematical algorithms describing carbon and water
cycles in WaSSI reflect our accumulated ecohydrological
knowledge derived from the global eddy flux monitoring
community and station-based small watershed experiments
across the USA. The core of WaSSI is an ecosystem ET
model that calculates monthly ET as a function of PET,
LAI and soil water availability for each land cover type
within HUC with mixed land uses (Sun et al., 2011a, b).
The model used a conceptual snow model (McCabe and
Wolock, 1999; McCabe and Markstrom, 2007) to partition
precipitation in each watershed into rainfall and snowfall
based on the mean watershed elevation and monthly air
temperature, to estimate snow melt rates, and to compute
mean monthly snow water equivalent over each watershed.
Infiltration, surface runoff, soil moisture, and baseflow
processes by land cover type are computed using
algorithms of the Sacramento soil moisture accounting
model (Burnash et al., 1973; Burnash, 1995). The 11 soil
parameters used in the soil water routing model were
derived from State Soil Geographic (Natural Resources
Conservation Service, 2012). All water balance compo-
nents were computed independently for each land cover
class within each watershed and aggregated to estimate the
totals for the watershed.

Generally speaking, an uncalibrated model is believed
to be more robust than a calibrated, watershed-specific
model to assess the impact of novel climate or land cover
change outside of the conditions for which the model is
developed because climate is not stationary. The
uncalibrated (i.e. default model parameters are not
adjusted to fit observed flow for each watershed) WaSSI
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Figure 1. An illustration of inputs and outputs for the hydrologic model, Water Supply Stress Index. (a) Percentage of forests within each of the 2100

United States Geological Survey (USGS) hydrologic unit code-8 watersheds with mixed land covers; (b) mean leaf area index for the month of July (i.e.

peak growing season) with values weighted across all 10 land cover types with each watershed; (c) modelled mean annual potential evapotranspiration

estimated by Hamon’s method/precipitation ratio or dryness index; and (d) modelling mean annual water yield (2002-2007). Also shown are the 18

USGS WRR. The 18 WRR include New England (01), Mid-Atlantic (02), South Atlantic-Gulf (03), Great Lakes (04), Ohio (05), Tennessee (06), Upper

Mississippi (07), Lower Mississippi (08), Souris-Red-Rainy (09), Missouri (10), Arkansas-White-Red (11), Texas-Gulf (12), Rio Grande (13), Upper
Colorado (14), Lower Colorado (15), Great Basin (16), Pacific Northwest (17), and California (18)

model has been extensively validated with both measured
streamflow from gauged watersheds and regional remote
sensing ET data across the USA (Sun et al., 2011b;
Caldwell et al., 2012; Caldwell et al., 2015). We have
achieved an acceptable level of confidence in model
performance at the monthly temporal scale. A recent
multiple model comparison study in the southeastern
USA suggested that WaSSI generally had comparable
performance to other more physically based model such
as Soil Water Assessment Tool (SWAT) and Precipitation
Runoff Modeling System (PRMS) that required more input
parameters and were calibrated (Caldwelll et al., 2015).
WaSSI is sensitive to both land cover and climate
variability, and thus was well suited to investigate the
relative impact of multiple elements of global change on
river flows (Caldwell et al., 2012; Averyt et al., 2013).

Published 2015. This article is a U.S. Government work and is in the public domain in the USA.

Simulation scenarios

Leaf area index, a key parameter of forest ecosystem
structure, has a major control on the biological water
demand (ET) and thus water yield in forested watersheds
(Sun et al., 2011a, b). Our study used change in LAI as a
proxy to the magnitude of forest disturbances or
restoration activities such as forest thinning, wildfires,
logging, or watershed restoration. For example, forest
thinning as a forest management practice generally
reduces LAI while reforestation increases LAI. Climate
warming can also result in an increase in the length of the
tree growing season, primary productivity, and LAI
values (Xie et al., 2013).

A total of 18 simulation scenarios were developed to
test the sensitivity of water yield response to a large

Hydrol. Process. (2015)
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spectrum of changes in LAI, air temperature, precipita-
tion, and their combinations (Table I). The first baseline
scenario (S1) represents the historic climate. The next
four scenarios (S2-S5) were designed to test the
sensitivity of water yield to LAI change from an increase
of 20% (S2) to a decrease 80% (S5). Climate sensitivity
scenarios were represented by S6-S8. The combined
effects of uniform climate change and LAI increase were
simulated using S9-S10. A uniform change in air

temperature, precipitation, or LAl was applied to the
baseline for each month across all the 2100 watersheds.

Four combinations of GCMs and future greenhouse gas
emission storylines (CSIROMK2 B2, CSIROMK3.5
A1B, HADCM3 B2, and MIROC32 A1B) were used to
evaluate potential impacts of ‘real’ climate change on
water yield. We chose these GCMs because they give a
wide range of future climate projections and they have
been used in a series of climate change assessments in

Table I. Simulated water yield responses in relative to historic climate under 18 simulation scenarios by the Water Supply Stress
Index model

Modelled water yield
response in relative to

baseline (%) (weighted
average across 2100

Climate and management hydrologic unit code-8

Scenario (S) Description representation watersheds)
S1: Baseline Historic climate (2002-2007), Background conditions Baseline
2001 land cover, and mean LAI
S2: LAI*1.2 LAI increased 20% Increase of biomass —3%
S3: LAI*0.8 LAI decreased 20% 20% thinning (light thinning) 3%
S4: LAI*0.5 LAI decreased 50% 50% thinning (moderate thinning) 7.9%
S5: LAI*0.2 LAI decreased 80% Severe thinning and/or insect 13%
and disease outbreak causing
tree mortality
S6: T+2°C Monthly air temperature Moderate climate warming —11%
increased 2 °C
S7: P*0.8 Monthly precipitation Severe drought —38%
reduced 20%
S8: P*0.9 Monthly precipitation Moderate drought —20%
reduced 10%
S9: P¥0.9+T Combination of S8, increase T Moderate drought, climate —26%
+1.0°C+LAI*1.1 by 1°C and LAI increased 10% warming, and increase of biomass
S10: P*1.1+T Similar to S9, but P Moderate wetting, climate 12%
+1.0°C+LAI*1.1 increased 10% warming, and increase of biomass
S11: Climate change Downscaled GCMs: World Similar P and warmer —10%
CSIROMK?2 B2 Climate Research Programme (14% higher PET) in
CMIP3 dataset 2050 compared with baseline
(2002-2007)
S12: Climate change Downscaled GCMs: World Wetter (5% higher in P) and 7%
CSIROMK3.5 A1B Climate Research Programme warmer (11% higher PET)
CMIP3 dataset
S13: Climate change Downscaled GCMs: World Drier (—7% of P) and —21%
HadCM3B2 Climate Research Programme warmer (15% higher PET)
CMIP3 dataset
S14: Climate change Downscaled GCMs: World Drier (—8% P) and hotter —25%
MIROC3.2A1B Climate Research Programme (19% higher PET
CMIP3 dataset
S15: LAI*0.5 + climate LAI decrease 50% +S11 50% thinning + warmer —5%
change CSIROMK?2 B2 climate in 2050
S16: LATI*0.5 + climate LAI decrease 50% + S12 50% thinning + wetter and 12%
change CSIROMK3.5 A1B warmer climate in 2050
S17: LAT*0.5 + climate LAI decrease 50% + S13 50% thinning + drier and —16%
change HadCM3B2 warmer climate in 2050
S18: LAI*0.5 + climate LAI decrease 50% +S14 50% thinning + drier and —20%

change MIROC3.2A1B

hotter climate in 2050

LALI, leaf area index; GCM, general circulation model; PET, potential evapotranspiration

Published 2015. This article is a U.S. Government work and is in the public domain in the USA.

Hydrol. Process. (2015)



G SUN ET AL.

southern USA (McNulty et al., 2013b; Wear and Greis,
2013; Vose and Klepzig, 2014). We set the 2002-2007 as
the baseline for this impact assessment. This was a period
in which land cover was most current (2006) and also
overlaps WaSSI validation using remote sensing-based
ET estimates and measured streamflow in our previous
studies (Sun et al., 2011a; Caldwell et al., 2012).

We examined water yield response from the entire
watershed with mixed land cover types for the four GCMs
‘real’ projected climate scenarios. We compared mean
water yield response under four GCMs for the year 2045-
2055 to baseline (2002-2007) to determine the mean
climate change effects (AQc). Then we quantified the
forest management mitigation/exacerbation effects by
comparing water yield response to LAI change under
the climate change (AQI) to water yield response to
GCMs alone. The management effect was calculated as
(AQI/AQc). When climate change reduces flow, AQc
becomes negative. Because AQI is always positive or an
increase in flow under forest thinning, a negative
AQI/AQc value indicates management mitigation and
otherwise exacerbation of the hydrologic impacts of
climate change. In other words, to mitigate the reduction
in discharge (AQc) from climate change, thinning is
effective because thinning increases discharge. Similarly,
if AQc>0 due to climate change, AQI/AQc values
become positive. In this case, because thinning operations
increase flow, forest management exacerbates floods
caused by climate change.

Key databases

To run the WaSSI model across the 2100 8-digit HUC
watersheds, spatially distributed input data for climate,
land cover, soil, and watershed connectivity (i.e. upstream
and downstream flow directions between adjacent water-
sheds) were needed. Details of database requirements and
sources were found in the works of Sun ez al. (2011a) and
Caldwell et al. (2012). Briefly, climatic variables included

monthly total precipitation and mean air temperature by
year and watershed. Historical baseline climate data was
derived from Parameter-elevation Regressions on Inde-
pendent Slopes Model (4kmx4km resolution)
(2002-2007) (Daly et al., 2008). Future projected climate
variables from GCMs (three GCMs and two greenhouse
gas emission storylines) for the period of 1981-2060 were
acquired from Coulson et al. (2010a,b).

Land cover composition, the percentage of each of the
10 land cover types (i.e. crop, deciduous forest, evergreen
forest, mixed forest, grassland, shrubland, wetland, water,
urban, and barren) as well as the impervious cover
fraction for each land cover type, was fixed using 2001
National Land Cover Database (NLCD) (http://www.
mrlc.gov/nled06_data.php). We used the 2006 NLCD for
the climate change scenario analysis. Monthly LAI for
each land cover type was derived from the Moderate
Resolution Imaging Spectroradiometer MODI15A2
FPAR/LAI 8-day composite (Zhao et al., 2005) for the
years 2000 through 2006 (http: // modis.gsfc.nasa.gov/).
An example of spatial distribution of forest cover (i.e. a
composite of deciduous forest, evergreen forest, and
mixed forest) and watershed level weighted mean LAI is
presented in Figure 1 to demonstrate the large variability
of both land cover and biomass. Like the land cover
distribution, monthly mean LAI for each land cover was
assumed to remain constant over time for climate change
scenario analysis. All input data were rescaled from their
native gridded or county resolution to the 8-digit HUC
watershed scale for use in the WaSSI model.

RESULTS

We presented long-term means of water yield response as
maps given that this study focuses on the sensitivity of
water yield to climate and/or vegetation change (i.e. forest
thinning) across the large climate and land cover
gradients in the CONUS. Our analysis focused on

Table II. Modelled water yield by land cover type (2002—2007) across the conterminous United States

Water Land Water yield(Brown et al., 2008)
Water yield yield area
Land cover (mm/year) (billion m>) (%) (%) (mm/year.) (billion m3/yr.) (%)
Croplands 298 699 35 30 225(agriculture) 461 26
Forest  Conifer 493 277 14 7 417 (forests) 931 53
Deciduous 471 339 17 9
Mixed Forests 420 244 12 7
Grasslands 99 166 8 21 55(range land) 146 8
Shrubs 55 73 4 17 307(water and wetland) 137 8
Savanna 329 169 8 7
Others 272 37 2 2 284 (others) 93 5
Total 255 2003 100 100 229 1768 100
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forest-dominated watersheds to understand the water
yield response to single factors, climate or LAI, or their
combinations.

Water balances by watershed and land cover type for the
baseline (2002-2007) period

Natural and plantation forests were mainly found in
east of Mississippi River, the Pacific Northwest, the
northern Great Lake states, and high-elevation mountain
areas in the arid inland and Sierra Nevada in western USA
(Figure 1A). Forest-dominated (>50% forest areas)
regions or watersheds coincided with high precipitation
(420-3267 mm/yr) but low dryness (PET/P) (<1.0)
values where the mean water yield/precipitation ratios
exceeded 0.30 (0.1-0.8). As a result, these forest
watersheds provided disproportionately more water than
watersheds dominated by other land covers (Table II).
When evaluated on a per unit area, mean annual water
yield from forests was estimated as 462mm while
croplands produced a mean water yield of 298 mm.
Consequently, forests (23% of all land area) produced
860 billion cubic metres water/yr or 43% of the total
water yield (2003 billion cubic metres per year) for the
CONUS. In contrast, dry ecosystems, such as grassland
and shrub lands, cover 38% of the land (Figure 2A) but
produced only 12% of the water yield (Figure 2B).
Cropland ranked second to forests in water yield
production (699 billion cubic metres water per year, or
35% total yield for the CONUS) (Figure 2B).

The WRR 17 (Pacific Northwest), 03 (Southeast), and
05 (Central Appalachians in eastern USA) produced the
highest water yield volume (308, 278, and 226 billion
cubic metres, respectively) among the 18 WRR regions
(Figure 1D) because of their favourable climate for water
yield production and large land area. The overall spatial
patterns of water yield (Figure 1D) followed closely to
those of dryness index, PET/P (Figure 1C), LAI
(Figure 1B), and percentage of forest cover (Figure 1A).
Forests were found in relatively moist areas with low
PET/P or dryness values.

Sensitivity of water yield to changes in leaf area index and
climate

A change in forest LAI by 20% within each of 2100
watersheds resulted in a slight change in water yield by
3% across the CONUS scale (Table I). For forested areas
only, the change in water production was much higher
(7%). This is understandable because forest is only a
portion of the watershed and any change in water yield
due to LAI change for the forest portion should be
reduced when the water yield response is expressed in per
unit area for the entire watershed. Reduction in LAI by
50% could have a large impact on the total water yield for
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Figure 2. A comparison of (a) land cover composition of the lower 48 US

states (2002); and (b) modelled contribution to water yield by land cover

type, showing water yield production is dominated by forests (43%) and
crop lands (35%)

some watersheds (0-85 mm/year or 0-63%) and at the
regional scale. At the CONUS level, the water yield
response was 7.9% for all land uses and 18% for forest
lands only. Spatially, there was large variability in both
absolute and relative responses due to the spatial
variability of land cover and climatic regime (Figures 3A
and 3B). Regions dominated by forests and high
precipitation (WRR 01-06, 17) were identified to have
high absolute response (>40mm/year in the Appala-
chians and the Pacific Northwest), while relatively dry
regions (WRR 14, northern part of WRR 17) had highest
relative increase of water yield (>25%). As expected, an
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Response of Annual Water Yield (mm/yr.) to
50% Reduction in Forest Leaf Area Index (LAI)
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Figure 3. Spatial distribution of annual water yield response in forest

lands to reduction of LAI in forests across the conterminous United States.

(a) Absolute water yield response (mm/year); and (b) relative change (%).

Simulation results at the United States Geological Survey hydrologic unit

code-8 scale are presented at 1 km resolution using a mask for forest land
cover

80% LAI reduction scenario (S5) could result in a much
larger increase, an average of 13% for all land uses and
30% for forests.

An increase in air temperature by 2°C resulted in a
mean reduction in water yield of 32 mm or 11% (Table I).
Spatially, the wet areas in the east and west coasts had the
highest reduction in absolute change, but the highest
relative changes were found in the arid western regions
and eastern coastal areas in South Carolina and Georgia
(Figure 4A, 4B).

Water yield was highly sensitive to precipitation change
for all four scenarios examined (S7-S10) (Table I). A
decrease in precipitation of 10% across the USA would
cause a decline in water yield by about 20% while a 20%
reduction of precipitation would result in 39% reduction of
water yield. Similar to response to air temperature, there was
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Figure 4. 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 (mm/year); and (b) relative change (%). Simulation

results at the United States Geological Survey hydrologic unit code-8 scale
are presented at 1 km resolution by a mask of forest land cover

a large spatial variability in water yield response to changes
in precipitation (Figure 5). Worth noting, the South Atlantic
coastal region showed high sensitivity (relative change) to
reduction of precipitation (i.e. droughts) (Figure 5B).
Change in precipitation also had a large impact on water
yield responses under two composite scenarios (S9 and
S10). The scenario S9, which represents a decrease of
precipitation by 10% +increase in air temperature of 1 °C
+increase of LAl by 10% (Table I), resulted in a substantial
reduction in water yield, 68 mm/year or 26.3% compared
with baseline conditions. In contrast, the second combina-
tion scenario (S10), which represents an increase of
precipitation by 10% + increase in air temperature of 1 °C
+increase of LAI by 10%, caused water yield to increase
by 35 mm/year or 12.2%, presumably as a result of increase
in precipitation. The effects from each of the three factors
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A Response of Water Yield (mm/yr.) to 10% Reduction of Precipitation

A Mean Annual Water Yield Response to Climate Change in 2050 (mm/year)
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Figure 5. Spatial distribution of annual forest water yield response to an

increase in precipitation across the conterminous United States. (a) Absolute

water yield response (mm/year); and b) relative change (%). Simulation

results at the United States Geological Survey hydrologic unit code-8 scale
are presented at 1 km resolution by a mask of forest land cover

appeared to be additive, but the combined impact on water
yield was dominated by the reduction in precipitation.

Water yield response (A4Qc) to climate change in 2050
under four GCMs scenarios

By 2050 (2045-2055), the four climate change scenarios
all projected elevated PET (11-18%), but with varying
magnitude and direction of changes in precipitation
ranging from an increase of 5% to a decrease of 8% on
average across the USA (Table I). The combined changes
in water availability and evaporative energy by 2050
resulted in complex and dramatically different hydrologic
regimes from the baseline (Figure 6). Under the ‘Wetter
and Warmer’ CSIROMK3.5A1B scenario (S12), water
yield response showed a small increase (18.0 mm or 7%).
In contrast, the other three warmer or drier scenarios
resulted in large decreases in water yield, up to 64 mm or
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Figure 6. Averaged water yield responses to climate change across four
different climate change scenarios (CSIROMK2 B2, CSIROMK3.5 AlB,
HADCM3 B2, and MICROC3.2 A1B) that represent two greenhouse gas
emission storylines in 2045-2055 (A1B, B2). (a) Absolute response (mm/year);
and b) relative change (%) in comparison with the baseline (2002-2007)

25% (MICRO3.2A1B scenario) (Figure 6). Consequently,
the mean water yield response across scenarios was a
decrease of 34 mm or 12%.

When averaged across the four GCM climate
scenarios, water yield in the mid-western and eastern
regions (except coastal South Carolina) (WRR 1-12)
was consistently projected to decrease by 2050 while
the rest of the country showed a more complex pattern,
especially the western regions (Figure 6). A large
change in water yield in both absolute (Figure 6A) and
relative (Figure 6B) terms was projected in the
Piedmont, southern Appalachian area in the southeast
(WRR 03, 06). A large relative change in the arid
western USA was due to the low water yield in the
baseline. Similar to our findings in the climate
sensitivity analysis (S6-S10), future precipitation
patterns dictated the water yield responses.
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Water yield response (AQI) to 50% LAI reduction + climate
change in 2050 under four GCMs scenarios

A 50% reduction in LAI under historic climate resulted
in water yield increase of 14.7 mm/year (or 5.7%) when
the 2006 land cover was used. Similarly, a 50% reduction
in LAI resulted in an increase in water yield by
12.3-14.4 mm/year or 5-6% under the four future climate
scenarios. Comparing with climate change only scenario
(S11-S14), a 50% reduction in LAI in addition to climate
change showed additive effects on water yield response.
Compared with historic conditions, water yield response to
LAI+climate change (S15, S16, S17, and S18) (Table I)
was —12.5, 32.2, —42.1, and —51.5mm, or —5%, 12%,
—16%, and —20%, respectively. The mean interactive
effects of LAI reduction and climate change could be
estimated as the difference of LAI effect under future
climate change minus that under historic climate. Using
this scheme, we estimated the LAI*climate interactive
effect to be —1.2 mm/year or —1.2/~14.7mm=_8%.

Spatially, a 50% reduction in forest LAI resulted in
variable effects across the CONUS. For some watersheds
dominated by forests in the eastern USA, LAI change
could fully mitigate (or cancel) the effects of climate
change (red area in Figure 7). In contrast, for some
watersheds that are projected to get wetter in the
southeastern USA and most of the western USA, the LAI
reduction could greatly increase water yield and magnify
the climate change effects (blue area in Figure 7).

DISCUSSION

Baseline water yield by land use

By integrating continental scale spatial databases of the
recent climate (2002-2007), we offer an independent
estimate of water yield by watershed and by land

Water Yield Mitigation or Exaberbation by 50% Reduction
in Leaf Area to Climate Change Impacts in 2050 (mm/yr.)
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Figure 7. Simulated mean water yield mitigation (negative values in red)

or aggravation (positive values in blue) in response to 50% reduction in

forest leaf area under four climate change (2045-2055) scenarios in the
conterminous United States
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cover/use type across the lower 48 US states. Our
estimate for total annual water yield, the sum of monthly
simulations, for the entire CONUS landmass was 2003
billion cubic metres with 43% and 35% being contributed
by forestland and cropland, respectively. Our water yield
estimate was 13% higher than the reported 1768 billion
cubic metres value by Brown er al. (2008) (Table II).
However, our estimated water yield from forests (860
billion cubic metres) was 7% lower than reported by
Brown et al. (2008).

The discrepancies between the two modelling studies
could be caused by several factors. First, annual
precipitation volume (6108 billon m?) received in this
study during 2002-2007 was 3% higher than reported in
Brown et al. (2008) who used the mean climate for the
time period of 1953-1994. An increase in precipitation
could result in a two-fold increase in water yield as
demonstrated in our sensitivity study (Table I, S7-S8).
Across many regions of the USA, air temperature has
increased significantly since the 1960s, and precipitation
has showed an increasing (northeast and midwest) or
decreasing trend (southeast) (Georgakakos et al., 2014).
Second, there were differences in land cover classifica-
tion. Brown et al. (2008) used the 1992 land cover data
that cited forest cover as 29%, which was higher than
what this study used (23%). The 2001 land cover data
used in this our study were assumed to be more current
and accurate because the data were based on high spatial
resolution remote sensing imageries. In general, under the
same climate, forests have higher ET and thus less water
yield than other land covers (Zhang et al., 2001).
Therefore, lower forest coverage in our cases could result
in higher water yield at the CONUS level. Third,
differences in model structure and ET algorithms might
contribute the differences in both total water yield and
contributions of each land cover. This study used a
monthly scale model while Brown et al. (2008) applied a
lumped annual ET model that did not account for
vegetation dynamics (i.e. spatial and temporal changes
in LAI) and ET differences among forest types and land
covers (except forest). Uncertainty in parameterizing both
models has been acknowledged by the two separate
studies although both models were verified with mea-
surement data from streamflow gauging stations.

Although there were some differences in the magnitude
and spatial distribution of water yield estimated by the
two modelling studies discussed previously, both studies
showed that forests supply disproportionately more water
than other ecosystems. Forests cover only one third of the
land area of lower 48 states, but they provide 40-50% of
the total water yield. The high water yield was mainly a
result of the climatic environment where forests grow:
comparatively higher precipitation and lower potential
evaporation energy than other land covers. It should not

Hydrol. Process. (2015)



RESPONSE OF WATER YIELD TO FOREST THINNING AND CLIMATE CHANGE

be concluded that the higher percentage of water yield
from forests as a whole was because that forests used less
water than other ecosystems. In fact, worldwide water-
shed manipulation experiments (Brown et al., 2005) have
confirmed that, when other factors (climate, topography,
and soils) are equal, forests generally use more water, and
thus have less water yield than rain-fed crops, grass or
shrubs that have lower biomass, LAI, and shorter growing
season than forests (Zhang et al., 2001; Andréassian,
2004; Jackson et al., 2005).

Water yield sensitivity to air temperature and precipitation

As expected, an increase in air temperature caused a
decrease in water yield in most watersheds due to the
increase in PET and actual ET. Our study used a
temperature-based PET model (Hamon’s method) without
consideration of other meteorological variables such as
radiation, thus the results might be biassed towards the
influence of air temperature. However, our empirical ET
model that was developed from eddy covariance data and
Hamon’s PET model likely minimizes the PET deficiency
by including the seasonal LAI dynamics and precipitation
(Sun et al., 2011b). Tree phenology reflects all biophys-
ical controls on plant growth.

Spatially, water yield response (reduction) to a uniform
2 °C temperature increase varied from minor changes (dry
regions) to —85 mm/year (wet regions). The relative change
was as large as —77% in the ‘water-rich’ region such as the
coastal South Carolina and northern Minnesota. These
patterns are consistent with a theoretical analysis based on
the Budyko’s framework (Fu’s model) (Ma et al., 2008).
Ma et al. (2008) suggest that water yield sensitivity to
potential ET is relatively high in extremely wet environ-
ments (PET/P < 0.5), and it decreases dramatically with the
increase of watershed dryness when 0.0 < PET/P < 1.0.

The sensitivity analysis using multiple levels of likely
future changes in air temperature (+2 °C) and precipitation
change (£10%) showed that precipitation change domi-
nated the future impacts of climate change on water yield
for the scenarios in this study (moderate change in air
temperature and precipitation). Our study showed that a
10% change in precipitation resulted in 20% change in
water yield, a doubling effect. Changes in air temperature
by +2 °C resulted in a reduction of water yield by 11%. Our
study results were very similar to the findings from the
work of Lu et al. (2013) who conducted climate sensitivity
analysis for the south—north transect of eastern China
(Longitude 108°-128°E, Latitude 18°-54°N). Lu et al.
(2013) found an increase in 2 °C air temperature resulted in
a 12% decrease in water yield while a reduction of 10%
precipitation alone caused 18% decrease water yield and a
10% increase in precipitation resulted in 20% increase in
water yield. McCabe and Wolock (2011) studied the
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separate effects of precipitation and temperature on runoff
variability (1900-2008) using a monthly water balance
model and historic climate data for the CONUS. Overall,
water—year runoff has increased with increasing precipi-
tation, and precipitation has accounted for almost all of the
runoff variability. They concluded that temperature effects
on runoff had been small for most locations even during
periods when temperatures for most parts of the USA
increased significantly.

Spatially, water yield responded rather differently to
the fixed changes in precipitation and air temperature
(Figures 4 and 5). In general, wetter regions (low PET/P)
showed higher water yield response in absolute change
(mm/yr) to both precipitation and air temperature. The
relative change in percentage in water yield has a
complex pattern reflecting the baseline water yield
conditions. These patterns are consistent with a theoret-
ical analysis by Ma et al. (2008) using the Budyko’s
framework (Fu’s model). Ma et al. (2008) suggested that
water yield sensitivity to precipitation was highest in
extremely wet environments (PET/P <0.5), and de-
creased dramatically with the increase of watershed
dryness when 0.0<PET/P<2.0. They also indicated that
water yield of forests was less sensitive to precipitation
change than grasslands in dry conditions (PET/P > 1.0).

Future climate and water resources in the USA

Three out of four GCMs analysed in this study resulted
in a significant and consistent decline (up to 25%) of
water yield by 2050 for the CONUS as a whole. Under all
four scenarios, our modelling results suggested that water
yield would decrease in the traditionally ‘water-rich’
regions (southern and eastern states). Our projections are
consistent with the recent report on climate change
impacts on US water resources in the third US National
Climate Assessment (Georgakakos et al., 2014). The
national-level water sector assessment concludes that the
mid-west and northeast regions have seen an increase in
precipitation and streamflow, and that these trends are
projected to continue or develop in northern states. In
contrast, the southern states have observed a decrease in
streamflow, and the trend was projected to continue.

Our study showed that the mean reduction in water
yield in some regions such as the Mississippi Alluvial
Valley was projected to reach a serious level (>200 mm/
year or >25%) by 2050 that could cause severe
hydrologic droughts. These conditions could seriously
disrupt agricultural activities that depend on irrigation and
stress drinking water supplies for large metropolitan areas
(Sun et al., 2008). A shift of hydrologic regime to a drier
condition could permanently alter wetland habitats (De
Steven and Toner, 2004; Liu and Schwartz, 2010) and
trigger forest wildfires and increase tree mortality in this
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heavily forested southeast (Vose et al., 2012a; Joyce
et al., 2014). The complex pattern of projected water
yield change in western USA indicated higher uncertainty
in future climatic regime, especially at the basin level.
Water resource managers and land planners are facing
increasing new risks, vulnerabilities, and opportunities
under climate change (Georgakakos et al., 2014).

Unfortunately, future changes in precipitation patterns
are difficult to project due to the complexity of the
atmospheric processes (e.g. hurricanes, El Nino, and La
Nina events) under a warming environment (Li and Li,
2013). Our study indicated that it was important to reduce
the uncertainty of precipitation projections to generate a
realistic projection of water yield response at the regional
scale.

Can forest management (thinning) mitigate water yield
decline caused by climate change?

One of the key questions that this modelling study was to
address whether traditional forest management practices
such as thinning can mitigate water yield decline resulted
from climate change at the watershed to regional scale.
Previous empirical watershed studies (Edwards and
Troendle, 2012) and simulation results from the present
study and others (McLaughlin et al., 2013) indicated that a
substantial increase (20—100%) of water yield, especially
in the humid regions, can be achieved by reducing plant
water use (ET) by reducing LAI of traditional plantation
forests by 30-50%. Our study also suggests that forest
thinning by 50% can substantially increase water yield and
potentially mitigate the negative drought effects or
aggravate flooding impacts from future climate change.
The hydrologic effects of forest thinning are most
pronounced in wet and densely forested regions. There-
fore, watershed management options by altering forest
structure and composition can play a role in mitigating
hydrologic impacts from climate change in these areas and
perhaps less so in areas with less dense forest stands.

Maintaining low density forest stands through thinning
and understory control not only helps to produce more
water from the soil for groundwater recharge and
downstream users, and increase water availability for
the remaining trees, but can also have additional benefits
to improve wildlife habitats and forest resilience to
disturbances (insect and disease and fires) (Grant et al.,
2013; McNulty et al. 2014). However, maintaining low-
density forests requires active management using pre-
scribed fires and vegetation control techniques, and thus
often is cost-prohibitive for a large area. Forest biomass
removal through thinning reduces evaporative loss from
forests, increases soil moisture content, decreases avail-
able soil water storage, and thus can result in higher
stormflow during storm events. In addition, thinning can
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reduce total ecosystem productivity and reduce carbon
sequestration (Caldwell et al., 2011) and cause concerns
of water quality because of soil disturbances (e.g. road
building). Forest managers have to balance the tradeoffs
among water quantity, quality, carbon sequestration,
costs, and other benefits and concerns.

Vose et al. (2012b) analysed long term of streamflow
data with 20-30years from nine experimental forests
across the USA to understand processes that control the
interactive effects of forest management and climate on
water yield. Similar to our findings, they found that there
was significant variability among the research watersheds
regarding water yield response to climate change and
management (e.g. forest cutting, species conversion, and
recovery) due to difference in soil, forest structure and
composition, and climate regimes. Managed forests
interacted with climate differently than the unmanaged
reference forests, so that forest management may
exacerbate or mitigate the effects of future climate
change. For example, conversion of native deciduous
forests to pine could reduce flooding impacts because of
the much higher ET rates of pine stands that have a much
higher leaf area and canopy interception storage.
Conversely, converting to white pine (Pinus strobus)
plantations from deciduous forests could exacerbate the
drought impacts on water yield. The different responses
appeared to relate to the ET processes that were controlled
by biophysical processes (e.g. leaf area dynamics) and
watershed sensitivity to climate as discussed in our
studies.

Our modelling study also indicated that a reduction in
LAI could mitigate or magnify the effect of the future
climate change on water yield depending on the direction
of future climate change. A reduction in LAI could
mitigate the effect of climate change on water yield where
precipitation is projected to decrease or magnify the effect
of climate change on water yield where precipitation is
projected to increase. When climate change resulted in a
decrease in water yield from a decrease in precipitation
and/or increase in PET, the reduction in LAI mitigated the
effect of climate change on water yield. On the other
hand, when climate change resulted in an increase in
water yield from an increase in precipitation, the
reduction in LAI magnified the effect of climate change.
Therefore, our multi-scenario study extended the gener-
ally empirical results in the work of Vose et al. (2012b) to
the CONUS and provided a quantitative evaluation at the
watershed level.

However, we acknowledge that hypothetical scenarios
and results derived from this modelling study must be
interpreted with caution. Not all of the modelled
management scenarios can be implemented at one
particular forest setting in practice because of the diversity
of forest ecosystems and management objectives. For
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example, a forest thinning practice prescribed for manag-
ing southern pine forest plantations may not be practical for
the Pacific Northwest temperate rain forests. Similarly,
wildfires may cause more damage (thus a larger reduction
in LAI) to forests in the arid regions than to those in the
humid southeastern USA resulting lower reduction in LAL
Future studies should evaluate watershed-specific or
region-specific scenarios to examine how forest manage-
ment practices may help to mitigate negative impacts of
climate change at large scales.

CONCLUSIONS

Using a validated water balance model, this study
provided a consistent, independent account of water
supply by land cover types across 2100 watersheds in the
USA. Forests provide disproportionately more water than
other land covers because of the relatively favourable
climate including high rainfall and low PET/P in forest-
dominated regions. Therefore, conservation and manage-
ment efforts are critical to protecting these forest lands,
which are the main sources of clean water for many
metropolitan areas and aquatic ecosystems.

Simulations from this study and empirical data show
that water yield responses to forest management and
climate change vary tremendously in the CONUS. Thus,
evaluating the impacts of forest management (e.g.
thinning) and climate change at a large scale requires
spatially distributed models. The WaSSI model captured
key hydrologic processes (e.g. ET and soil water routing)
and proved to be a powerful tool to examine the spatial
and temporal patterns of water yield response to
environmental changes using commonly available data.

Future changes in water yield across the USA were
difficult to project because of the uncertainty in the future
climate for particularly the amount of precipitation.
However, there was evidence that the traditionally
water-rich regions of the southern USA are getting drier
and the trends will continue during the next 50 years.
Future studies are needed to evaluate how the water yield
decline impacts ecosystem structure (i.e. leaf area change
and tree species shift) and functions (water and energy
balances) and the feedbacks to ET under a CO, enriched
climate (Vose et al., 2012a, b).

Our study has indicated that forested watersheds in wet
regions were most responsive to forest thinning in terms
of total water yield gain. However, other moderately wet
areas (mesic) with lower water yield could see large
relative changes of streamflow such as the South Atlantic
coastal plain. Forest thinning designed to reduce fuel
loads and risks of severe wild fires in the dry regions has
the added benefit of reducing tree water stress under
climate change while augmenting watershed water yield.
Mitigating climate change impacts on forest water supply,
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and adapting to climate change requires innovative forest
watershed management approaches. Watershed restora-
tion should focus on high priority areas identified by this
study to achieve cost-effective results. Future studies need
to evaluate the tradeoffs between forest thinning and other
climate change mitigation and adaptation management
options among all ecosystem services (e.g. clean water
supply, carbon sequestration, and biodiversity).

ACKNOWLEDGEMENTS

The authors thank two anonymous reviewers for their
insight that helped improve the early version of this
paper. Funding is provided by the Eastern Forest
Environmental Threat Assessment Center, Southern
Research Station, and USDA Forest Service. Erika Mack
and Jennifer Moore Myers provided technical support.

REFERENCES

Amatya DM, Douglas-Mankin KR, Williams TM, Skaggs RW, Nettles JE.
2011. Advances in forest hydrology: challenges and opportunities.
Transactions of the American Society of Agricultural and Biological
Engineers 54(6): 2049-2056.

Amatya DM, Sun G, Rossi CG, Ssegane HS, Nettles JE, Panda S. 2015.
Forests, land use change, and water. In Impact of Climate Change on
Water Resources in Agriculture, Rodrigues R (ed). CRC Press/Taylor &
Francis Group (In Press): Boca Raton, FL.

Andréassian V. 2004. Waters and forests: from historical controversy to
scientific debate. Journal of Hydrololgy 291: 1-27.

Averyt K, Meldrum J, Caldwell PV, Sun G, McNulty SG, Huber-Lee A,
Madden N. 2013. Sectoral vulnerabilities to changing water resources in
the conterminous U.S.. Environmental Research Letter 8: 8 035046
DOI:10.1088/1748-9326/8/3/035046.

Bent GC. 1994. Effects of timber cutting on runoff to Quabbin
Reservoir, central Massachusetts. In Proceedings, effects of human-
induced changes on hydrologic systems, Marston RA, Hasfurther VR
(eds). American Water Resources Association: Bethesda, MD;
187-196.

Bent G. 2001. Effects of forest-management activities on runoff
components and ground-water recharge to Quabbin Reservoir, central
Massachusetts. Forest Ecology and Management 143(504): 115-129.

Boggs J, Sun G, Domec JC, McNulty SG. 2014 Clearcutting upland forest
alters transpiration of residual trees in the riparian buffer in a small
watershed in the North Carolina Piedmont, USA. Hydrological
Processes (this issue)

Brown AE, Zhang L, McMahon TA, Western AW, Vertessy RA. 2005. A
review of paired catchment studies for determining changes in water
yield resulting from alterations in vegetation. Journal of Hydrology
310: 26-61.

Brown TC, Hobbins MT, Ramirez JA. 2008. Spatial distribution of water
supply in the coterminous United States. Journal of the American Water
Resources Association 44(6): 1474-1487.

Burnash RJC, Ferral RL, McGuire RA. 1973. A generalized streamflow
simulation system — conceptual modeling for digital computers,
technical report, Joint Federal and State River Forecast Center, 204
p., U.S. National Weather Service and California Department of Water
Resources, Sacramento, California.

Burnash RJC. 1995. The NWS river forecast system — catchment
modeling. In Computer Models of Watershed Hydrology, Singh VP (ed).
Water Resources Publications: Littleton, Colorado; 311-366.

Caldwell PV, Sun G, McNulty SG, Cohen EC, Moore Myers JA. 2011.
Modeling impacts of environmental change on ecosystem services
across the conterminous United States. In Medley CN, Patterson G,

Hydrol. Process. (2015)



G SUN ET AL.

Parker MJ (eds) Observing, studying, and managing for change:
Proceedings of the Fourth Interagency Conference on Research in the
Watersheds: U.S. Geological Survey Scientific Investigations Report
2011:5169, 202 p.

Caldwell PV, Sun G, McNulty SG, Cohen EC, Moore Myers JA. 2012.
Impacts of impervious cover, water withdrawals, and climate change on
river flows in the conterminous U.S. Hydrology and Earth System
Sciences 16: 2839-2857.

Caldwelll PV, Kennen J, Sun G, Kiang J, Butcher J, Eddy MC, Hay L,
LaFontaine J, Hain E, Nelson S, McNulty SG. 2015. A comparison of
hydrologic models for ecological flows and water supply. Ecohydrology
DOI:10.1002/eco0.1602.

Cech PG, Pepin S, Komer C. 2003. Elevated CO, reduces sap flux in
mature deciduous forest trees. Oecologia 137: 258-268.

Coulson DP, Joyce LA, Price DT, McKenney DW, 2010a. Climate
scenarios for the conterminous United States at the county spatial scale
using SRES scenarios B2 and PRISM climatology. U.S. Forest Service,
Rocky Mountain Research Station. http://www.fs.fed.us/rm/
data_archive/dataaccess.

Coulson DP, Joyce LA, Price DT, McKenney DW, Martin SR, Papadopol
P, Lawrence K. 2010b. Climate scenarios for the conterminous United
States at the county spatial scale using SRES scenarios A1B and A2 and
PRISM climatology. U.S. Forest Service, Rocky Mountain Research
Station. http://www.treesearch.fs.fed.us/pubs/37119.

Creed IF, Spargo AT, Jones JA, Buttle JM, Adams MB, Beall FD,
Booth EG, Campbell JL, Clow D, Elder K, Green MB, Grimm NB,
Miniat C, Ramlal P, Saha A, Sebestyen S, Spittlehouse D, Sterling S,
Williams MW, Winkler R, Yao H. 2014. Changing forest water yields
in response to climate warming: results from long-term experimental
watershed sites across North America. Global Change Biol 20(10):
3191-3208.

Dai Z, Trettin CC, Li C, Amatya DM, Sun G, Li H. 2010. Sensitivity of
stream flow and water table depth to potential climatic variability in a
coastal forested watershed. Journal of the American Water Resources
Association 46: 1036-1048. DOI:10.1111/j.1752-1688.2010.00474 x.

Daly C, Halbleib M, Smith JI, Gibson WP, Doggett MK, Taylor GH,
Curtis J, Pasteris PP. 2008. Physiographically sensitive mapping of
climatological temperature and precipitation across the contermi-
nous United States. International Journal of Climatology 28:
2031-2064.

Demaynadier PG, Hunter KL Jr. 1996. The relationship between forest
management and amphibian ecology: a review of the North American
literature. Environmental Review 3: 230-261.

De Steven D, Toner MM. 2004. Vegetation of Upper Coastal Plain
depression wetlands: environmental template and wetland dynamics
within a landscape framework. Wetlands 24: 23-42.

Douglass JE. 1983. The potential for water yield augmentation from forest
management in the eastern United States. Water Resources Bulletin 19:
351-358.

Edwards PJ, Troendle CA. 2012. Water yield and hydrology. In 2012.
Cumulative Watershed Effects of Fuel Management in the Eastern
United States. Gen. Tech. Rep. SRS-161. Asheville, LaFayette R, Brooks
MT, Potyondy JP, Audin L, Krieger SL, Trettin CC (eds). Department
of Agriculture Forest Service, Southern Research Station: NC: U.S;
229-281.

Georgakakos A, Fleming P, Dettinger M, Peters-Lidard C, Richmond TC,
Reckhow K, White K, Yates D. 2014. In Ch. 3: Water Resources.
Climate Change Impacts in the United States: The Third National
Climate Assessment, Melillo JM, Richmond TC, Yohe GW (eds). U.S.
Global Change Research Program: Washington DC; 69-112. DOI:
10.7930/J0G44N6T

Gedney N, Cox PM, Betts RA, Boucher O, Huntingford C, Stott PA.
2006. Detection of a direct carbon dioxide effect in continental river
runoff records. Nature 439(7078): 835-838.

Gholz HL, Ewel KC, Teskey RO. 1990. Water and forest productivity.
Forest Ecology and Management 30: 1-18.

Gholz HL, Clark KL. 2002. Energy exchange across a chronosequence of
slash pine forests in Florida. Agricultural and Forest Meteorology 112:
87-102.

Grace JM 111, Skaggs RW, Chescheir GM. 2006a. Hydrologic and water
quality effects of thinning loblolly pine. Transactions of the American
Society of Agricultural and Biological Engineers 49(3): 645-654.

Published 2015. This article is a U.S. Government work and is in the public domain in the USA.

Grace MJ III, Skaggs RW, Cassel DK. 2006b. Soil physical changes
associated with forest harvesting operations on an organic soil. Soil
Science Society of America Journal 70: 503-509.

Grant GE, Tague CL, Allen CD. 2013. Watering the forest for the trees: an
emerging priority for managing water in forest landscapes. Frontiers in
Ecology and the Environment 11: 314-321. 10.1890/120209

Hawthorne SND. 2011. The long term impact of thinning on water yield.
PhD thesis, Melbourne School of Land and Environment, Department
of Forest and Ecosystem Science, The University of Melbourne. http://
repository.unimelb.edu.au/10187/15768

Hernandez-Santana V, Asbjornsen H, Sauer T, Isenhart T, Schultz R,
Schilling K. 2012. Effects of thinning on transpiration by riparian buffer
trees in response to advection and solar radiation. Acta Hort 951(ISHS):
225-231. http://www.actahort.org / books / 951 /951_27.htm

IPCC. 2014. Summary for policymakers. In: Climate Change 2014:
Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change Field, CB,
VR, Barros, DJ, Dokken KJ, Mach MD, Mastrandrea TE, Bilir M,
Chatterjee KL, Ebi YO, Estrada RC, Genova B, Girma ES, Kissel AN,
Levy S, MacCracken PR, Mastrandrea, White LL (eds). Cambridge
University Press: Cambridge, United Kingdom and New York, NY,
USA; pp. 1-32.

Jackson RB, Jobbiagy EG, Avissar R, Roy SB, Barrett D, Cook CW,
Farley KA, le Maitre DC, McCarl BA, Murray BC. 2005. Trading water
for carbon with biological carbon sequestration. Science 310:
1944-1947. DOI: 10.1126/science.1119282

Joyce LA, Running SW, Breshears DD, Dale VH, Malmsheimer RW,
Sampson RN, Sohngen B, Woodall CW. 2014. Chapter 7: forests.
Climate change impacts in the United States: the third national climate
assessment, Melillo JM, Richmond TC, Yohe GW (eds). U.S. Global
Change Research Program, 175-194. DOI:10.7930/J0Z60KZC.

Karl TR, Knight RW. 1998. Secular trends of precipitation amount,
frequency, and intensity in the USA. Bulletin of the American
Meteorology Society 79: 231-241.

Krakauer NY, Fung I. 2008. Mapping and attribution of change in
streamflow in the coterminous United States. Hydrology and Earth
System Sciences 12: 1111-1120.

Lane PNJ, Mackay SM. 2001. Streamflow response of mixed-species
eucalypt forests to patch cutting and thinning treatments. Forest
Ecology and Management 143: 131-142.

LiL, Li W. 2013. Southeastern United States summer rainfall framework
and its implication for seasonal prediction. Environmental Research
Letters 8: 044017-044017.

Lins HF, Slack JR. 1999. Streamflow trends in the United States.
Geophysical Research Letters 26: 227-230.

Liu G, Schwartz FW. 2010. An integrated observational and model-based
analysis of the hydrologic response of prairie pothole systems to
variability in climate. Water Resources Research 47(2): W02504. DOL:
10.1029/2010WR009084

Liu N, Sun PS, Liu S, Sun G. 2013. Coupling simulation of water-carbon
processes for catchment calibration and validation of the WaSSI-C
model. Chinese Journal of Plant Ecology 37(6): 492-502.

Lockaby G, Nagy C, Vose JM, Ford CR, Sun G, McNulty SG, Caldwell
PV, Cohen E, Moore Myers JA. 2011. Water and forests. In The
Southern Forest Futures Project: Technical Report, Wear DN, Greis JG
(eds). USDA Forest Service, Southern Research Station, Asheville,
NC., General Technical Report, 2011.

Lu J, Sun G, McNulty SG, Comerford N. 2009. Sensitivity of pine
flatwoods hydrology to climate change and forest management in
Florida, USA. Wetlands 29(3): 826-836.

Lu N, Sun G, Feng X, Fu B. 2013. Water yield responses to climate
change and variability across the north—south transect of eastern China
(NSTEC). Journal of Hydrology 481: 96-105. DOI: 10.1016/j.jhydrol.
2012.12.020

Ma ZM, Kang SZ, Zhang L, Tong L, Su XL. 2008. Analysis of impacts
of climate variability and human activity on streamflow for a river
basin in arid region of northwest China. Journal of Hydrology 352:
239-249.

Marion DA, Sun G, Caldwell PV, Miniat CF, Ouyang Y, Amatya DM,
Clinton BD, Conrads PA, Laird SG, Dai Z. 2013. Chapter 9: managing
forest water quantity and quality under climate change in the southern

Hydrol. Process. (2015)


http://www.actahort.org &b_k;/&e_k; books &b_k;/&e_k; 951 &b_k;/951&e_k;_27.htm

RESPONSE OF WATER YIELD TO FOREST THINNING AND CLIMATE CHANGE

U.S. In Climate Change Adaptation and Mitigation Management
Options. Vose J, Kier DK (eds). CRC: Boca Raton, FL, USA; 492.
McCabe GJ, Wolock DM. 1999. Future snowpack conditions in the
western United States derived from general circulation model climate
simulations. Journal of the American Water Resources Association 35:

1473-1484. DOI:10.1111/j.1752-1688.1999.tb04231 .x.

McCabe GJ, Markstrom SL. 2007. A monthly water-balance model driven
by a graphical user interface, U.S. Geological Survey Open-File report
2007-1088, 6p.

McCabe GJ, Wolock DM. 2011. Independent effects of temperature and
precipitation on modeled runoff in the conterminous United States.
Water Resource Research 47: W11522. DOI: 10.1029/2011WR010630

McLaughlin DL, Kaplan DA, Cohen MJ. 2013. Managing forests for
increased regional water yield in the southeastern U.S. coastal plain.
Journal of the American Water Resources Association 49(4): 953-965.
DOI:10.1111/jawr.12073.

McNulty SG, Sun G, Mohan J, Caldwell P, Prestemon J, Doyle TW, Johnsen K,
Liu Y. 2013a. Chapter 8. Forests and climate change in the southeast. In
Southeast. Southeast Region Technical Report to the National Climate
Assessment, Ingram KT, Dow K, Carter L (eds). Island Press. p165—189.

McNulty SG, Moore Myers J, Caldwell PV, Sun G. 2013b. Climate change
summary. In 2013. The Southern Forest Futures Project: technical report.
Gen. Tech. Rep. SRS-GTR-178. Wear DN, Greis JG (eds).Asheville, NC:
USDA-Forest Service, Southern Research Station. 27-43. National
Hydrography Dataset: http://nhd.usgs.gov/index.html, last access: July 2010.

McNulty SG, Boggs J, Sun G. 2014. The rise of the mediocre forest: why
chronically stressed trees may better survive extreme episodic climate
variability. New Forests 45: 403—415.

McNulty SG, Cohen EC, Sun G, Caldwell P. 2015. Chapter 1.7: hydrologic
modelling for water resource assessment in a developing country: the
Rwanda case study. In: Watershed Modeling. Lafforgue M (ed). In Press.

Natural Resources Conservation Service. 2012. United States Department
of Agriculture. U.S. General Soil Map (STATSGO?2). Available online
at http://soildatamart.nrcs.usda.gov

Seaber PR, Kapinos FP, Knapp GL. 1987. Hydrologic unit maps. U.S.
Geological Survey. Water Supply Paper 2294: 1987.

Stephens SL, Moghaddas JJ, Edminster C, Fiedler CE, Haase S,
Harrington M, Keeley JE, Knapp EE, Mclver JD, Metlen K, Skinner
CN, Youngblood A. 2009. Fire treatment effects on vegetation
structure, fuels, and potential fire severity in western U.S. forests.
Ecological Applications 19: 305-320.

Sun G, McNulty SG, Moore Myers JA, Cohen EC. 2008. Impacts of multiple
stresses on water demand and supply across the southeastern United States.
Journal of American Water Resources Association 44(6): 1441-1457.

Sun G, Caldwell PV, Noormets A, Cohen E, McNulty SG, Treasure E,
Domec JC, Mu Q, Xiao J, John R, Chen J. 2011a. Upscaling key
ecosystem functions across the conterminous United States by a water-
centric ecosystem model. Journal of Geophysical Research 116:
G00JO5. DOI: 10.1029/2010JG001573

Sun G, Alstad K, Chen JQ, Chen SP, Ford CR, Lin GH, Liu CF, Lu N,
McNulty SG, Miao HX, Noormets A, Vose JM, Wilske B, Zeppel M,

Published 2015. This article is a U.S. Government work and is in the public domain in the USA.

Zhang Y, Zhang ZQ. 2011b. A general predictive model for
estimating monthly ecosystem evapotranspiration. Ecohydrology 4:
245-255.

Sun G, Caldwell PV, McNulty SG, Georgakakos AP, Arumugam S,
Cruise J, McNider RT, Terando A, Conrads PA, Feldt J, Misra V,
Romolo L, Rasmussen TC, Marion DA. 2013. Impacts of climate
change and variability on water resources in the southeast. NCA
Southeast Technical Report 204-234.

Tavernia BG, Nelson MD, Caldwell PV, Sun G. 2013. Water stress
projections for the northeastern and midwestern United States in 2060:
anthropogenic and ecological consequences. Journal of the American
Water Resources Association 49(4): 938-952. DOI:10.1111/
jawr.12075.

Tian HQ, Chen GS, Zhang C, Liu ML, Sun G, Chappelka A, Ren W, Xu
XF, Lu CQ, Pan SF, Chen H, Hui DF, McNulty S, Lockaby G, Vance
E. 2012. Century-Scale Responses of Ecosystem Carbon Storage and
Flux to Multiple Environmental Changes in the Southern United States.
Ecosystems 15(4): 674-694.

Vose JM, Peterson DL, Patel-Weynand T (eds.). 2012a. Effects of climatic
variability and change on forest ecosystems: a comprehensive science
synthesis for the U.S. forest sector. USDA Forest Service, PNRS Gen.
Tech. Rep. ENW-GTR-870

Vose JM, Ford CR, Laseter S, Dymond S, Sun G, Adams MB, Sebestyen
S, Campbell J, Luce C, Amatya D, Elder K, Heartsill-Scalley T. 2012b.
Can forest watershed management mitigate climate change impacts on
water resources? Book Chapter In: IAHS red book “Revisiting
Experimental Catchment Studies in Forest Hydrology” (Proceedings
of a Workshop held during the XXV IUGG General Assembly in
Melbourne, June-July 2011) (IAHS Publ. 353, 2012).

Vose JM, Klepzig KD (eds). 2014. Climate Change Adaptation and
Mitigation Management Options: A Guide for Natural Resource
Managers in Southern Forest Ecosystems. CRC Press: Boca Raton,
FL; 45-59.

Warren JM, Potzelsberger E, Wullschleger SD, Thornton PE, Hasenauer
H, Norby RJ. 2011. Ecohydrologic impact of reduced stomatal
conductance in forests exposed to elevated CO2. Ecohydrology 4:
196-210.

Wear DN, Greis JG (eds). 2013. The southern forest futures project:
technical report. Gen. Tech. Rep. SRS-GTR-178. Asheville, NC:
USDA-Forest Service, Southern Research Station. 542 p.

Xie J, Chen J, Sun G, Chu H, Noormets A, Ouyang Z, John R, Wan S,
Guan W. 2013. Long-term variability and environmental control of the
carbon cycle in an oak-dominated temperate forest. Forest Ecology and
Management 313: 319-328.

Zhang L, Dawes WR, Walker GR. 2001. Response of mean annual
evapotranspiration to vegetation changes at catchment scale. Water
Resource Research 37(3): 701-708.

Zhao M, Heinsch FA, Nemani RR, Running SW. 2005. Improvements of
the MODIS terrestrial gross and net primary production global data set.
Remote Sensing of Environment 95: 164-176. DOI:10.1016/j.rse.
2004.12.011.

Hydrol. Process. (2015)


http://soildatamart.nrcs.usda.gov

