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he role of forest-
ed lands in sus-

taining high-quality,
consistent flows of
water has been rec-
ognized for millen-
nia, notably dating
back to Emperor Yu
of China circa 2200
BC. In the US the for-
mal recognition of
the relationship
between forests and
water was codified in
the Organic Act of
1897 that led to the
formation of the US
Forest Service with
an explicit purpose
of “securing favor-
able conditions of
water flows” from
public forestlands.
Forested mountain-
ous regions have
more recently been
referred to as the
water towers of the
world for their provisioning and regu-
lation of water resources to support
aquatic ecosystems, irrigated agricul-
ture, municipalities, recreation, and
aesthetic and spiritual values. Since
forests both affect and are affected by
water availability, understanding for-
est-drought feedbacks and managing
lands for both forest health and water
supply are critical research and man-
agement priorities.

Forests are a primary control on the
storage and movement of water in a
watershed, while forests themselves are
affected by water availability. Forest

change can therefore mitigate or
enhance drought conditions, and
drought can drive forest change. The
hydrology and impacts of drought on
forested systems can be conceptual-
ized by flows between a series of five
water storage reservoirs: 1) vegetation
surfaces; 2) seasonal snowpack; 3)
shallow soils; 4) groundwater; and 5)
surface water bodies.

Streamflows from forested water-
sheds are fundamentally controlled by
the balance between the amount of
precipitation that enters the system
and losses by evapotranspiration,
which is comprised of evaporation of
water primarily from vegetation, tran-
spiration of soil water, and sublima-
tion of snow. Healthy, functioning
forests effectively catch, store, and
modulate the release of cool, high-
quality water from upland areas.
Droughts directly affect these provi-
sioning and regulating services and
challenge natural resource managers
tasked with managing forestlands for
the production of natural resources
while sustaining ecosystem function.

Types and effects of droughts

Three distinct and related types of
droughts affect, and in some cases, can
be influenced by forest vegetation.
Meteorological droughts are character-
ized by much lower than average pre-
cipitation. Snow droughts, similar to the
one that occurred in 2015 in the Pacific
Northwest, occur when peak snowpack
is far below average and/or seasonal
snowpack melts early, even if precipita-
tion is not below average. Hydrological
droughts occur when streamflow is sub-
stantially below average. 

Different drought types can also be
characterized by seasonal vs. multi-
year time scales—this is an important
distinction because terrestrial and

aquatic species may be adapted to reg-
ularly occurring seasonal droughts,
but not extended dry periods. Regional
climate change is affecting the fre-
quency, duration, and intensity of
droughts, and natural resource man-
agers are increasingly being chal-
lenged to develop approaches to
enhance the resilience of forested
ecosystems to buffer climate trends
and variations.

Water resources from forested
uplands are impacted both directly
and indirectly by drought. Reduced
precipitation and snow storage directly
decrease the amount of available soil
water for vegetation use and the
amount of water available for ground-
water recharge and streamflow.
Reduced streamflows can lead to an
increase in concentrations of dissolved
and suspended constituents. Drought
also contributes to increases in stream
temperatures, particularly during the
late summer when reduced stream-
flows and mixing with shallow ground-
water causes streams to warm more
than when more flow is available.
Reduced late season flows can also
reduce, fragment, and degrade the
amount of suitable fish habitat leading
to increased disease and mortality.

Drought can also indirectly impact
forest water resources when linked to
vegetation dieback or mortality from
water stress, insects, pathogens,
and/or fire. Vegetation changes that
reduce the amount of canopy can
potentially increase streamflows. This
is because there is less area available
to intercept precipitation and transpire
water, and more available water may
increase groundwater recharge and
streamflows. However, in windy
and/or sunny snow-dominated areas,
canopy reductions can lead to earlier,
more rapid snowmelt, reducing the
amount of late-spring snow storage
available to replenish soil moisture
and sustain summer streamflows. 

Drought-influenced vegetation
changes, especially in areas affected by
wildfires, can have profound impacts
on water resources, including
increased snowmelt rates, erosion,
sedimentation, nutrient loading, and
stream heating. The direct and indirect
hydrological and water quality impacts
of drought can be mitigated or exacer-
bated by land management, and this is
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a high priority area for research to
increase the fundamental scientific
understanding to develop effective
drought mitigation practices.

Management approaches

The approach of timber harvesting
to increase water yields has been
extensively investigated in the past
and documented in a number of pub-
lications including a special issue of
Water Resources Bulletin in 1983, and
in the 2004 SAF book: A Century of
Forest and Wildland Watershed
Lessons.

Despite the obvious increase in
streamflow that will result due to the
reduction in forest evapotranspiration
from vegetation removal, a number of
issues are related to the use of harvest
to enhance water flows in times of
drought. In addition to the inherent
challenge of being able to predict
when droughts will occur, these con-
cerns include streamflow increases
when additional water is not needed
(e.g., in spring), smaller increases in
drought years, transmission losses,
inability to store increased water
yields, increased evaporation from
reservoirs, and potential adverse envi-
ronmental effects including increased
sedimentation, streambed scour, and
slope instability. Furthermore, regen-
erating vegetation typically uses more
water than mature forests; therefore,
following an initial increase, harvest

can lead to a reduction in streamflows
unless the relative amounts of land in
specific age classes are actively main-
tained over the long term.

More recently, managing water in
forested landscapes specifically for
vegetation health rather than for
watershed outputs was noted as an
emerging priority to enhance the
resilience of forests to drought condi-
tions. Various management approach-
es proposed include thinning, pre-
scribed burning and understory
removal, re-engineering road networks
to deliver intercepted water back to
soils, selection of drought-tolerant
species, mulching, and even irrigation
for particularly high-value forests. 

Recent research by our research
groups have focused on understand-

ing how forests affect snow dynamics
across diverse mountain hydrocli-
mates to develop management strate-
gies to enhance and conserve snow in
forests. Much of this research has
focused on the degree of shading
afforded by homogeneously and gap-
thinned forests on different slopes and
across a range of latitudes. 

Key findings are that in general,
radiation to snow is minimized for
canopy closure values of approximate-
ly 30% and for small forest gaps with
diameters ranging from 1-2 times that
of the surrounding forest height. Other
recent research on snow cover dura-
tion found that in general, where win-
ter temperatures exceed -1°C forest
canopies reduce snow cover duration,
whereas in colder environments forest
cover either has no net effect on snow
duration or increases snow duration.
This analysis was recently refined for
the distinct climates that occur
throughout the Pacific Northwest to
explicitly account for the effects of
temperature, cloudiness, and wind.
The analysis and development of web-
based resources to help managers
develop approaches to conserve forest
snow was supported by the USGS
Northwest Climate Science Center (see
http://bit.ly/1WXvG8b).

A number of research challenges
still exist to understand and develop
optimal management approaches to
increase the resilience of forested
watershed systems to drought condi-
tions. The urgency of this challenge is
increasing, especially in the western
US, where recent warming trends cou-
pled with the high vulnerability of sea-
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Students discuss a forest thinning and snow conservation project on the
University of Idaho Experimental Forest.
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sonal snow covers have increased the
severity of recent droughts. 

The development of specific man-
agement approaches for given sites are
further complicated by the high
degree of climatic and topographic
variations throughout the region.
Future research will likely focus on
how specific thinning practices can be
optimized to conserve forest water
resources as it is an ongoing and wide-
spread accepted practice, and is being
used to address other concerns such
as fire hazard risk reduction. To
address these needs, an ambitious col-
laborative thinning study supported
by the University of Idaho College of
Natural Resources and the National
Science Foundation was initiated this
year on the University of Idaho

Experimental Forest. This study will
provide valuable information for natu-
ral resource managers while serving as
a model project for similar focused
research to buffer the impacts of
longer, more frequent, and intense
droughts on the broad suite of natural
resources that our forests provide.  ◆
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Drought Resources

The effects of drought on forest
productivity and health and on the
aquatic systems within and down-
stream of forested areas have long
been a concern for natural resource
managers. Climate change is expect-
ed to increase forest disturbances
associated with drought occurrences,
and therefore there is a need to adapt
forest management plans to enhance
the resilience of forests to increased
frequency and/or severity of droughts. 

To address this need, the US
Forest Service released the General
Technical Report (WO-93b), Effects
of Drought on Forests and Range-
lands in the United States: A
Comprehensive Science Synthesis
in January 2016. The purpose of
this report is to synthesize current
knowledge of drought effects to help
managers develop approaches to
increase the resilience of forest
ecosystems to the combined direct
and indirect effects of drought. The
comprehensive 289-page document
covers a wide range of topics relat-
ed to droughts and forests including
drought characterization; impacts on
forests; insect, pathogen, and fire
relationships; drought detection;
ecohydrological implications; and
socio-economic considerations.
Additional information and a down-
load link for the report can be found
at: http://1.usa.gov/1X3HtiF.
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Two University of Washington
researchers snowshoeing to a data
collection site located in an old-
growth forest on the western slopes
of the Cascade Range near Seattle.




