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A B S T R A C T

Forest-driven water and energy cycles are poorly integrated into regional, national, continental and
global decision-making on climate change adaptation, mitigation, land use and water management. This
constrains humanity’s ability to protect our planet’s climate and life-sustaining functions. The substantial
body of research we review reveals that forest, water and energy interactions provide the foundations for
carbon storage, for cooling terrestrial surfaces and for distributing water resources. Forests and trees
must be recognized as prime regulators within the water, energy and carbon cycles. If these functions are
ignored, planners will be unable to assess, adapt to or mitigate the impacts of changing land cover and
climate. Our call to action targets a reversal of paradigms, from a carbon-centric model to one that treats
the hydrologic and climate-cooling effects of trees and forests as the first order of priority. For reasons of
sustainability, carbon storage must remain a secondary, though valuable, by-product. The effects of tree
cover on climate at local, regional and continental scales offer benefits that demand wider recognition.
The forest- and tree-centered research insights we review and analyze provide a knowledge-base for
improving plans, policies and actions. Our understanding of how trees and forests influence water, energy
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Adaptation
Sustainability

and carbon cycles has important implications, both for the structure of planning, management and
governance institutions, as well as for how trees and forests might be used to improve sustainability,
adaptation and mitigation efforts.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Billions of people suffer the effects of inadequate access to
water (Mekonnen and Hoekstra, 2016) and extreme heat events
(Fischer and Knutti, 2015; Herring et al., 2015). Climate change can
exacerbate water shortages and threaten food security, triggering
mass migrations and increasing social and political conflict (Kelley
et al., 2015). Strategies for mitigating and adapting to such
outcomes are urgently needed. For large populations to remain
where they are located without experiencing the extreme
disruptions that can cause migrations, reliable access to water
and tolerable atmospheric temperatures must be recognized as
stable ingredients of life. As we explain, the maintenance of
healthy forests is a necessary pre-condition of this globally-
preferential state.

The published work we review suggests forests play important
roles in producing and regulating the world’s temperatures and
fresh water flows. Well recognized as stores of carbon, forests also
provide a broad range of less recognized benefits that are equally, if
not more, important. Indeed, carbon sequestration can, and
perhaps should, be viewed as one co-benefit of reforestation
strategies designed to protect and intensify the hydrologic cycle
and associated cooling. Organized and conceived in this way,
reduced deforestation, forest landscape restoration and forest
preservation strategies offer essential ingredients for adaptation,
mitigation and sustainable development.

Functions inherent to forests (Fig. 1) offer solutions to water
availability and cooling (Ellison et al., 2012; Hesslerová et al., 2013;
Syktus and McAlpine, 2016; Hecht et al 2016). By evapo-
transpiring, trees recharge atmospheric moisture, contributing
to rainfall locally and in distant locations. Cooling is explicitly
embedded in the capacity of trees to capture and redistribute the
Fig. 1. Effects of forests on water and climate at local, regional and continental scales thr
other forms of vegetation and transported across terrestrial surfaces to the other end of c
from plant surfaces (yellow dots) create precipitation triggers. (3) Forest-driven air pres
Water fluxes cool temperatures and produce clouds that deflect additional radiation f
moisture out of the atmosphere. (6) Infiltration and groundwater recharge can be fac
moderating floods. (For interpretation of the references to colour in this figure legend,
sun’s energy (Pokorný et al., 2010). Further, trees’ microbial flora
and biogenic volatile organic compounds can directly promote
rainfall. Trees enhance soil infiltration and, under suitable
conditions, improve groundwater recharge. Precipitation filtered
through forested catchments delivers purified ground and surface
water (Calder, 2005; Neary et al., 2009).

Forests currently cover only about one third of Earth’s surfaces
(FAO, 2016). Between 2000 to 2012, urban expansion, agricultural
land conversions, logging and forest fires resulted in the loss of
some 1.5–1.7 million km2 of tree cover, or approximately 3.2% of
global forest cover (DeFries et al., 2010; Hansen et al., 2013; Riitters
et al., 2016), and vastly more loss has occurred throughout human
history (Pongratz et al., 2010).

Deforestation and anthropogenic land-use transformations
have important implications for climate, ecosystems, the sustain-
ability of livelihoods and the survival of species, raising concerns
about long-term damage to natural Earth system functions (Steffen
et al., 2015). Mean warming due to land cover change may explain
as much as 18% of current global warming trends (Alkama and
Cescatti, 2016). Deforestation exerts an influence on warming at
the local scale and alters rainfall and water availability, not to
mention the emission of greenhouse gases.

Though we eschew precise definitions of tree and forest
landscapes herein, plantation forests and the use of some more
exotic species can upset the balance of evapotranspiration regimes,
possibly with negative impacts on water availability (Trabucco
et al., 2008). Moreover, re- and afforestation, particularly in the
context of climate change, rising temperatures and diminishing
rainfall, can further reduce water availability (Liu et al., 2016; Rind
et al., 1990). However, in the correct spatial settings, forest
restoration can positively impact water and energy cycles and
improve water availability.
ough change in water and energy cycles. (1) Precipitation is recycled by forests and
ontinents. (2) Upward fluxes of moisture, volatile organic compounds and microbes
sure patterns may transport atmospheric moisture toward continental interiors. (4)
rom terrestrial surfaces. (5) Fog and cloud interception by trees draws additional
ilitated by trees. (7) All of the above processes naturally disperse water, thereby
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Such observations further serve to highlight the necessity and
importance of placing water and energy cycle feedbacks at the
center of reforestation and forest-based mitigation goals. Though
many of the benefits of forested catchments are well known,
several advances highlight less widely recognized additional
benefits from tree cover, water and energy cycle interactions.
We review and assess the wider relevance of global forests and
governance in light of these insights.

2. Forests are intimately linked to rainfall and water availability

Forests play a large role in regulating fluxes of atmospheric
moisture and rainfall patterns over land. Earth’s land and ocean
surfaces release water vapor to the atmosphere. On continental
surfaces, this process is aided by forests and other vegetation
through evapotranspiration (ET) – evaporation from soil and plant
surfaces and transpiration of water by plants. The resulting
atmospheric moisture is circulated by winds across the Earth’s
continents and oceans. The upwind and cross-continental produc-
tion and transport of atmospheric moisture — “precipitation
recycling” — can, in the appropriate circumstances, promote and
intensify the redistribution of water across terrestrial surfaces.

On average, at least 40% of rainfall over land originates from ET,
with greater contributions in some regions such as the Rio de Plata
river basin, where ET from the Amazon forest contributes more
than 70% of rainfall (Van der Ent et al., 2010). Transpiration
contributes a large share of terrestrial ET (Jasechko et al., 2013;
Schlesinger and Jasechko, 2014), thereby producing a part of the
water vapor available for rainfall.

Because water use is intrinsically local, conventional definitions
of the water balance are typically bounded by the catchment.
However, the terrestrial production of atmospheric moisture
through ET represents the principal continental contribution to
catchment water balance. ET, which is transboundary and even
transregional in character, thus transcends traditional definitions
of the catchment water balance. Precipitation recycling, though
neglected in most public discourse and water management policy-
making, is key to understanding the availability of water in
downwind locations (Ellison et al., 2012; Keys et al., 2012).

The impacts of forest-derived ET can be seen in satellite
observations of rainfall: over most of the tropics, air that passes
over forests for ten days typically produces at least twice as much
rain as air that passes over sparse vegetation (Spracklen et al.,
2012). Higher relative humidity has likewise been found to raise
the likelihood of precipitation. A 10% rise in relative humidity can
lead to two-to-three times the amount of precipitation (Fan et al.,
2007; Khain, 2009). Satellite observations further suggest Europe-
an forests are a major influence on cloud formation (Teuling et al.,
2017), and thus sunshine/shade dynamics and rainfall.

Forest loss and degradation reduce ET, with important
implications for rainfall thousands of kilometers downwind (see
e.g., Aldrich and Imberger, 2013; Debortoli et al., 2016). Changes in
Earth’s surface albedo, temperature, ET and surface roughness also
alter moisture and heat fluxes between terrestrial surfaces and the
atmosphere. These observations have led climate modelers to
predict large-scale deforestation will reduce rainfall in some
regions by as much as 30% (Lawrence and Vandecar, 2015;
Spracklen and Garcia-Carreras, 2015).

Trees and forests contribute to the intensification of rainfall
through the biological particles they release into the atmosphere,
which include fungal spores, pollen, bacterial cells and biological
debris. Atmospheric moisture condenses when air becomes
sufficiently saturated with water and much more readily when
suitable surfaces, provided by aerosol particles (condensation
nuclei), are present (Morris et al., 2014; Sheil, 2014). Some volatile
organic compounds, 90% of which are also biological in origin,
become oxidized and sticky in sunlight and attach to any (mainly
biological) particles, thereby growing to sizes that enhance
condensation (Hallquist and Wenger, 2009; Riccobono et al.,
2014). In the Amazon forests, potassium-salt rich particles with
clear biological origins also appear to be directly linked to cloud
formation and precipitation (Pöhlker et al., 2012).

Some bacteria inhabiting plant surfaces are particularly
effective in facilitating the freezing of water at temperatures near
0 �C, the warmest temperatures known for naturally occurring
atmospheric ice nuclei (Morris et al., 2014, 2016). Freezing of cloud
droplets is often a crucial step in the formation of rain in temperate
regions, otherwise freezing would not occur until clouds reach
�15 �C or cooler (Bigg et al., 2015; Morris et al., 2014). Such cold
temperatures do not always occur in low-lying, moisture-laden
clouds, making biological ice nuclei a potentially limiting factor for
rainfall, particularly in a warming climate.

Deforestation can thus impact rainfall for reasons beyond its
impact on precipitable water. And the combination of warming and
altered rainfall patterns due to climate change can lead to feedback
effects on remaining vegetation, reduced biomass accumulation,
drought, die-off and fires (Brienen et al., 2015; Duffy et al., 2015).
Forest and land fires resulting from the increased incidence of
drought, agricultural land conversion, clearing and other causes
likewise play havoc with rainfall. Aerosol particles from fires can
scatter solar radiation, disrupt water vapor uplifting, alter regional
circulation and otherwise disrupt rainfall patterns (Tokinaga et al.,
2012; Tosca et al., 2010).

3. Forests transport water locally and globally

Due to prevailing wind patterns, atmospheric moisture from
both oceanic evaporation and ET from forest, vegetation and soil
surfaces is transported across planetary surfaces. Little uncertainty
surrounds the basic idea that atmospheric moisture is transported
from one location to another and is important for downwind
precipitation. With increasing deforestation, locations further
from upwind coasts are likely to feel the strongest impact of
change in land-atmosphere interactions and to experience reduced
predictability, extent and quantity of rainfall. In borderline regions,
reduced predictability, seasonal timings and feedback effects may
even trigger a switch from wet to dry climates (Sheil and
Murdiyarso, 2009). Given time, reforestation can presumably
reverse many of these impacts.

Forests may, however, play an even more extensive role in the
transport of moisture. The biotic pump theory (Makarieva and
Gorshkov, 2007) suggests the atmospheric circulation that brings
rainfall to continental interiors is driven and maintained by large,
continuous areas of forest beginning from coasts. The theory
explains that, through transpiration and condensation, forests
actively create low pressure regions that draw in moist air from the
oceans, thereby generating prevailing winds capable of carrying
moisture and sustaining rainfall far within continents (Makarieva
et al., 2013a; Makarieva and Gorshkov, 2007; Nobre, 2014; Sheil
and Murdiyarso, 2009). Moreover, considerations of the surface
pressure gradients created by the processes of evaporation and
condensation, as highlighted in the biotic pump concept, may lead
to improved predictions of large-scale climates compared to
atmospheric circulation models which only consider temperature
effects (Makarieva et al., 2017). Reliable rainfall in the continental
interiors of Africa, South America and elsewhere may thus be
dependent on maintaining relatively intact and continuous forest
cover from the coast.

A corollary of the biotic pump theory has further crucial
implications for planetary air circulation patterns: if airflow
patterns that move toward continental interiors are dependent
upon the presence of forests, then their removal may foretell
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significant changes or wind pattern reversals. Reforestation and
the restoration of degraded forest landscapes on an adequate scale
may however re-activate such pumps, returning rainfall to
continental interiors (Sheil and Murdiyarso, 2009).

The atmospheric moisture generated by terrestrial ET clearly
represents an important quantity available for precipitation. Loss
of forest cover is therefore expected to reduce the reliability of
rainfall (Ellison et al., 2012; Makarieva et al., 2013a; Nobre, 2014;
Sheil and Murdiyarso, 2009). Potential impacts on large-scale
atmospheric circulations remain unknown but are a cause for
concern, with potentially important implications for weather
patterns at local, regional and continental scales (Makarieva et al.,
2013b).

At all scales, upwind, extra-basin impacts represent the
principal contribution of atmospheric moisture to downwind,
within-basin precipitation. Upwind terrestrial ET, primarily
promoted by forest cover, can have a substantial impact on within
and across catchment water availability. All or most catchments
are thus naturally linked.

Recognition of connectivity would lead to an improved
awareness of when and how land-atmosphere interactions can
provide atmospheric moisture and distribute it across regional and
continental terrestrial surfaces (Dirmeyer et al., 2009; Ellison et al.,
2012; Makarieva et al., 2013a; Nobre, 2014; Sheil and Murdiyarso,
2009; van Noordwijk et al., 2014). Both down- and upwind, as well
as down- and upstream, interactions are important for adequately
understanding and ultimately managing potential change in water
availability.

This has important policy implications for current momentum
supporting the implementation of integrated catchment manage-
ment: the spatial scale at which the water balance is typically
measured matters and is inadequate for understanding hydrologic
flows. Regions within continents are sometimes heavily dependent
on rainfall derived from ET at both near and more distant locations.
Important examples of long distance dependencies, such as
between the Congo and the Ethiopian Highlands, and the Amazon
and the Argentinian Andes, are gradually emerging (Keys et al.,
2012; Nobre, 2014; Viste and Sorteberg, 2013). But shorter
distances also matter.

We can no longer ignore teleconnections between areas that
produce atmospheric moisture and those that receive this
moisture as a principal source of precipitation. We urgently
require better knowledge about areas that provide higher ratios of
ET production and recycling relative to annual rainfall and are thus
key to the promotion of terrestrial rainfall (e.g. Keys et al., 2012).
The proximity and role of precipitation triggers also warrant
further study (Morris et al., 2016).

4. Forests cool locally and globally

Forests influence local and global temperatures and the flow of
heat. At the local scale, forests can remain much cooler during
daytime due to shade and the role of evaporation and transpiration
in reducing sensible heat (Hesslerová et al., 2013; Maes et al., 2011;
Pokorný et al., 2010). In tropical and temperate regions, forests cool
the Earth’s surface. In contrast, at high latitudes and particularly in
winter, forests have reduced albedo, potentially contributing to
local warming under more cloud-free skies (Lee et al., 2011; Li
et al., 2015).

Additional regional and global cooling derives from the fact
that, through emissions of reactive organic compounds (Spracklen
et al., 2008), forests can increase low-level cloud cover and raise
reflectivity (Ban-Weiss et al., 2011; Heiblum et al., 2014). Such
effects are enhanced by larger areas of tree cover and may partially
or wholly outweigh ground level albedo reduction associated with
tree cover at high altitudes. On the other hand, clouds can also
contribute to warming by trapping long wave radiation beneath.

Using the sun’s energy, individual trees can transpire hundreds
of liters of water per day. This represents a cooling power
equivalent to 70 kWh for every 100 L of water transpired (enough
to power two average household central air-conditioning units per
day). With deeper roots, trees can maintain their cooling function
even during long-lasting heatwaves (Teuling et al., 2010; Zaitchik
et al., 2006). Trees likewise reduce temperatures in urban settings.
Urban areas with greater tree and vegetation cover and fewer
impervious surfaces tend to exhibit lower temperatures than those
blanketed by solid surfaces (Bounoua et al., 2015).

As illustrated in Fig. 2, solar energy that might otherwise drive
transpiration and evaporation remains in the local landscape as
heat, raising local temperatures. This can result in dramatic
changes across different land-use environments. Heatwave con-
ditions can amplify these effects. Warmer temperatures appear to
result in greater temperature differentials between forested and
open-field environments, though broad-leaved species may have
stronger impacts on cooling than conifers (Renaud and Rebetez,
2009; Zaitchik et al., 2006). Maintaining tree cover can reduce high
temperatures and buffer some of the extremes otherwise likely to
arise with climate change.

At regional and global scale, net forest effects on regional and
global climate warming and cooling depend on the combined
impact of the rate and magnitude of ET production and carbon
accumulation, changes to surface and cloud albedo, as well as land
cover change impacts on aerosols and reactive gases. The
complexity of these relationships is lost in much current research
that looks individually at factors such as albedo change and/or
carbon sequestration (Bonan, 2008; Naudts et al., 2016). Tropical
and, to a lesser extent, temperate forests very likely provide net
regional/global climate cooling. At higher latitudes, forests may
warm regional and global climate (Bala et al., 2007; Chapin et al.,
2000; Lee et al., 2011). However, others (Montenegro et al., 2009)
estimate higher rates of biomass accumulation and find net
regional and global cooling impacts from afforestation at higher
latitudes.

The scale and distribution of tree cover influence cooling. In
tropical landscapes, the importance of forests in cooling local
temperatures is recognized by local residents (Meijaard et al.,
2013; Sodhi et al., 2009). Planting trees within agricultural
environments (agroforestry) can have cooling effects (Zomer
et al., 2016), and spatial planning and the preservation of green
spaces in and around cities can buffer micro-climate temperature
extremes (Bounoua et al., 2015). The cooling of urban landscapes
by individual trees can now be evaluated using low-cost thermal
imagery. Capitalizing on this knowledge of water and energy cycle
impacts can help target microclimatic cooling, as well as
precipitation-recycling effects.

5. Forests regulate water supplies

5.1. Fog and cloud water capture

Forests may be particularly important for the so-called “water
towers” of larger regions (see e.g. Viviroli and Weingartner, 2004).
High altitude forests have a special ability to intercept fog and
cloud droplets. Condensation on plant surfaces, including on
dense, epiphytic lichen and moss communities, provides addition-
al moisture for tree growth, ET, infiltration, groundwater recharge,
and, ultimately, runoff (Bruijnzeel, 2001, 2004; Ghazoul and Sheil,
2010; Pepin et al., 2010). Montane cloud forests appear to exhibit
higher rates of infiltration and dry season flow than lands
converted to agriculture (Muñoz-Villers et al., 2015).



Fig. 2. Surface temperature distribution in a mixed landscape with forest.
Source: adapted from (Hesslerová et al. 2013).
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Over diverse landscapes, estimates of the local contribution of
mist capture and fog precipitation range anywhere from 200 to
425 mm yr�1 (Azevedo and Morgan, 1974; del-Val et al., 2006), to
greater than 1000 mm yr�1 (Ghazoul and Sheil, 2010), to rates
between 20 and 1990 mm yr�1 (Bruijnzeel et al., 2011). Moreover,
these amounts can account for anywhere from 5 to 75% of total
catchment runoff (Bruijnzeel et al., 2011). Seasonally, as much as
80% of the fog precipitation impact can occur during dry seasons, as
illustrated, for example, by the case of southwest China (Liu et al.,
2004). Equally important, a share of the atmospheric moisture
captured in this way is returned as ET to become available for
increased rainfall or snowpack at higher elevations (Pepin et al.,
2010).

High altitude forest loss may thus have disproportionate,
negative implications for water availability. Where such forests
have been removed, the atmospheric moisture present in clouds
may move on to other locations. This could represent an important
loss to local, downstream water supply. Low altitude forests,
however, also play a positive role in subsurface storage, flow
regulation and higher infiltration at local sites (Bruijnzeel, 2004).
And runoff in dryland regions is significantly and positively
affected by catchment water retention capacity (Zhou et al., 2015).

5.2. Infiltration and groundwater recharge

Scientific evidence typically highlights substantial losses in
streamflow following afforestation and reforestation, while forest
clearing results in increased streamflow (Andréassian, 2004; Bosch
and Hewlett, 1982; Farley et al., 2005; but see on the other hand;
Stickler et al., 2013). Thus, the dominant paradigm (Fig. 3) implies a
tradeoff between carbon sequestration and groundwater recharge
(Jackson et al., 2005).

Evidence for this tradeoff, however, is biased. Not only does this
literature misclassify hydrological intensification as water loss
(Ellison et al., 2012), it also importantly distracts attention from
other factors. For one, little notice is paid to dry season flows and
groundwater recharge dynamics as the focus has been on
measuring change in total annual streamflow. For another, long-
term and large scale relationships are neglected (Ellison et al.,
2012). Third, almost all studies focus on young, fast growing
plantations. Fourth, few studies investigate the impacts of tree
cover on water yields in the tropics, and data from the (semi-)arid
tropics is scarce (Locatelli and Vignola, 2009; Malmer et al., 2010).
Fifth, the effects of tree planting on degraded lands remain
unexplored (Bruijnzeel, 2004; Malmer et al., 2010). Thus, sound
conclusions concerning net tree cover effects on infiltration, dry
season flows and groundwater recharge cannot easily be drawn
from current evidence.

In the tropics, dry season flows and groundwater recharge are
more relevant for livelihoods than are measures of total annual
streamflow. Loss of tree cover following conversion to other land
uses such as croplands or pastures promotes soil degradation,
leading to reduced soil organic carbon and impoverished soil
structure, which in turn result in reduced soil infiltration and water
retention capacity (Lal, 1996; Nyberg et al., 2012; Zimmermann
and Elsenbeer, 2008). The resulting reductions in soil infiltration



Fig. 3. Infiltration and groundwater recharge relative to canopy cover.
Source: adapted from (Ilstedt et al., 2016). The relationship between tree cover and groundwater recharge, as theorized by the dominant paradigm (the trade-off theory) and
the revised paradigm (optimum tree cover theory). Arrows depict the conceptual water budget based on the optimum tree cover theory. The size of the arrows is proportional
to the magnitude of each component of the water budget. Groundwater recharge is expressed as a share of annual rainfall.
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capacity can reduce the groundwater reserves that maintain dry
season base flows.

Deforestation may lead to reductions in dry season base flows if
the decline in groundwater recharge due to negative impacts on
soil infiltrability surpass the gain from reduced ET (Bruijnzeel,
1989, 2004). Reversals may thus increase dry season flows where
improvements in soil infiltration capacity and groundwater
recharge exceed increased ET (Bruijnzeel, 1989, 2004).

In the tropics, reforestation or tree planting in agricultural fields
(agroforestry) result in increased infiltration capacity (Ilstedt et al.,
2007). Tree roots and enhanced levels of soil organic matter from
litter inputs improve soil structure, enhance aggregate stability
and promote faunal activity, leading to higher macroporosity,
thereby creating preferred pathways for infiltrating water to move
rapidly, bypassing much of the soil matrix (Bargués Tobella et al.,
2014). Shading and litter under trees, along with more preferential
flow, can further reduce soil evaporation losses.

Tree root architecture is also highly important for the hydraulic
redistribution of water in soils, facilitating both upward and
downward flows and thereby improving dry-season transpiration
and photosynthesis while simultaneously transporting rainwater
downward to levels where it cannot easily be evaporated
(Neumann and Cardon, 2012; Prieto et al., 2012).

Intermediate tree densities on degraded lands may in fact
maximize groundwater recharge (Ilstedt et al., 2016). This revised
paradigm or optimum tree cover theory (Fig. 3) suggests that on
degraded lands without tree cover, little water can infiltrate into
the soil. And when it does, it moves slowly and is easily lost
through ET, leading thus to low groundwater recharge. However, at
low to intermediate tree cover each new tree can improve soil
hydraulic properties up to 25 m from its canopy edge, which means
that the hydrologic gains can be proportionally higher than the
additional losses from increased transpiration and interception.
The result is increased groundwater recharge. On the other end,
there also appears to be an upper bound where denser tree cover
leads again to reductions in groundwater recharge, ostensibly
when the hydrologic gains from infiltration are surpassed by losses
from transpiration and interception.

Where catchment yield remains relevant, because species use
water differenlty, species choice also matters. Presumably due to
reduced transpiration, higher rates of infiltration and reduced
seasonal interception, the removal of coniferous (i.e., pine) species
in favor of deciduous varieties, for example, has often improved
catchment yield (Hirsch et al., 2011). Smaller-leafed deciduous tree
species can reduce interception and are thus better suited to areas
with high interception losses. Management practices such as
thinning and tree pruning may also improve yields, reducing
transpiration up to 75% (Bayala et al., 2002). Tree age also matters,
as young forests typically consume more water than old-growth
forests (Delzon and Loustau, 2005). Thus, even if the impacts of
high tree cover on total yearly streamflow are initially negative,
they may become neutral in the long term (Scott and Prinsloo,
2008).

5.3. Flood moderation/mitigation

While tree and forest removal is well known for raising the
likelihood of floods, the corollary, that the planting of trees and
forests can reduce flooding, has been far more controversial (Tan-
Soo et al., 2014; van Noordwijk and Tanika, 2016; Wahren et al.,
2012). Yet for all the reasons noted above – transpiration,
interception, evaporation, infiltration and groundwater recharge
– tree cover can either store or recycle substantial amounts of
water downwind, providing a positive impact on (and protection
of) the local catchment, thereby moderating floods. Removing
trees leads to soil compaction and hardening, soil erosion
(especially in mountainous areas), transpiration loss, reduced
infiltration and increased runoff, thereby promoting floods.

While forests can thus help moderate existing conditions, there
are limits. First, since long-lasting intense precipitation can
saturate soils, high relative rainfall intensity can surpass the
absorption potential of forests and soils, thereby limiting flood
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mitigation potential (Pilaš et al., 2010). Second, predicted changes
in climate foretell fewer, more intense precipitation events
(Fischer and Knutti, 2015), suggesting further warming and related
changes in precipitation patterns may reduce forest flood
mitigation potential.

Integrating forests into the landscape for flood mitigation,
particularly in heavily deforested regions, represents a viable and
potentially cost-effective solution (Jongman et al., 2015). In water-
rich areas, fast growing, high water-consuming tree species will
likely reduce – but not eliminate – flood risk. And in water-limited
areas, slow growing, low water-consuming tree species can
increase infiltration and help moderate flooding.

5.4. Forest biodiversity

Biodiversity enhances many ecosystem functions like water
uptake, tree growth and pest resistance (Sullivan and O’Keeffe,
2011; Vaughn, 2010). The perverse effects of current land
management strategies require closer scrutiny. For example, the
practice of plantation forestry can negatively impact species
richness and related ecosystem services (Ordonez et al., 2014;
Verheyen et al., 2015).

Mixed species forests may lead to healthier, more productive
forests, more resilient ecosystems and more reliable water related
services, and often appear to perform better than monocultures
regarding drought resistance and tree growth (Ordonez et al.,
2014; Paquette and Messier, 2011; Pretzsch et al., 2014 Pretzsch
et al., 2014). Through variation in rooting depth, strength and
pattern, different species may aid each other through water
uptake, water infiltration and erosion control (Reubens et al.,
2007).

Species richness – particularly native species – may be an
essential driver in land management policies. Forest rehabilitation
offers opportunities to restore water-related ecosystem services
(Muys et al., 2014). Future research should identify the required
species richness for optimal water ecosystem services. The effects
of biodiversity on aerosols, volatile organic compounds, ice
nucleation and other rainfall related processes require further
research.

6. Moving beyond carbon: policy needs and opportunities

Efforts to promote global freshwater management neglect the
importance of forest-based water and energy cycles (Mekonnen
and Hoekstra, 2016; Vörösmarty et al., 2015). The United Nations
Framework Convention on Climate Change (UNFCCC) has, perhaps
not surprisingly, elected to prioritize carbon. Many fledgling
efforts, however, are afoot to correct this imbalance. The UN Food
and Agriculture Organization (FAO)’s Forests and Water: A Five-Year
Action Plan (FAO, 2015), introduced at the XIV World Forestry
Congress in Durban, along with other initiatives (WeForest, 2015),
highlight both the central importance of water to mitigation and
adaptation and the benefits of harnessing forest and water
synergies.

The climate-regulating functions of forests – atmospheric
moisture production, rainfall and temperature control at local and
regional scale – should be recognized as their principal contribu-
tion, with carbon storage, timber and non-timber forest products
as co-benefits (Locatelli et al., 2015).

This represents a reversal of roles from the current carbon-
centric model, where non-carbon effects are treated only as co-
benefits. Since land use patterns directly impact atmospheric
moisture production, their spatial orientation and distribution vis-
à-vis recipient locations and the potential impacts of land use on
the hydrologic cycle, atmospheric cooling and warming are
important and should ideally be integrated into policy-making
on land-use practice.

Opportunities abound for national, regional and continental
policies, and national or international funding, to move away from
the water-carbon divide toward more effective and efficient
interventions. The management of forests with multiple objectives
in mind – from water, to local and continental climate, carbon, the
global climate and even food security – requires improved policy
coherence, integration between mitigation and adaptation and
facilitated access to multiple funding streams (Locatelli et al.,
2016). Policy instruments can promote efficient, and most
importantly, more sustainable, carbon sequestration projects by
addressing water and climate issues at local to continental scales
(Duguma et al., 2014). From adaptation and sustainability
perspectives, this is rapidly becoming the imperative.

Catchment-level forest water functions have been considered in
climate initiatives at national and local levels. Many National
Adaptation Action Programs, for example, use forest protection
and restoration for reducing the vulnerability of people to water
problems (Pramova et al., 2012a). However, regional-level
functions (e.g., cooling, rainfall distribution) must now also
become the focus of action. “Precipitation-sheds” (Keys et al.,
2012) – the area from which catchment precipitation is sourced –

are transboundary, even transregional in nature, thereby tran-
scending the geography and geopolitics of the catchment. Thus,
intervention and regulation is required – alongside and in addition
to the local level – at regional and continental scales, for example
through regional catchment scale organizations or development
banks.

The multiple water and climate-related services provided by
forests – precipitation recycling, cooling, water purification,
infiltration and groundwater recharge, not to mention their
multiple traditional benefits (food, fuel and fiber) – represent
powerful adaptation opportunities that can significantly reduce
human vulnerability and simultaneously, through their carbon
storage functions, provide mitigation (Pramova et al., 2012b).

Deforestation induced reductions in precipitation have impli-
cations for regional economies and livelihoods. Further expansion
of agriculture in the Amazon could lead to reductions in total
agricultural output due to deforestation-driven declines in
precipitation (Lawrence and Vandecar, 2015; Oliveira et al.,
2013). Large-scale deforestation of the Amazon may further
reduce hydropower generation through declining precipitation
and river discharge (Stickler et al., 2013).

7. Changing narratives for action on forest and water

The geopolitical implications of atmospheric connectivity
across catchments have, to-date, hardly been explored. With the
advent of climate change, rising temperatures and important
changes in the frequency and intensity of precipitation, land
management initiatives and policies must consider the effects of
forests on water and climate at local, regional and continental
scales. However, policy frameworks and the supporting hydrologic
and thermodynamic knowledge are typically not available for
linking forests, water and energy and understanding what these
links mean for climate, water and people at local and continental
scales.

Among the UN Sustainable Development Goals (SDGs), the
water goal (SDG6) focuses on access to clean water, and SDG6.6
focuses explicitly on ‘the protection and restoration of water-
related ecosystems, including mountains, forests, wetlands, rivers,
aquifers and lakes’. The climate goal (SDG 13) focuses on
compliance with UNFCCC agreements. SDG 15 makes explicit
reference to the value of forests “for clean air and water”. However,
none of the SDGs elaborate on the connection of forests to the



58 D. Ellison et al. / Global Environmental Change 43 (2017) 51–61
intensification of hydrologic and thermodynamic cycles and other
positive benefits.

Countries can link policies aimed at achieving interrelated SDG,
adaptation and other forest restoration goals with improved
consideration of forest, water and energy interactions and their
climatic and hydrologic outcomes. Encouraged in frameworks like
the Bonn Challenge, forest assessment and restoration methodol-
ogies such as ROAM (Restoration Opportunities Assessment
Methodology, Laestadius et al., 2014) typically remain confined
to national and catchment boundaries and agendas. Moreover,
despite an increasing focus on the upward delegation of political
responsibility to larger scale decision-making frameworks (Hoek-
stra, 2010; Vörösmarty et al., 2015), the parallel recognition that
forest, water and energy interactions are highly important to the
basic concerns of water availability and terrestrial cooling have not
taken hold. Nonetheless, sustainability concerns, food security and
the protection of livelihoods may depend on such knowledge and
awareness.

The ecosystem services concept (commonly defined as the
benefits humans derive from functioning ecosystems) has helped
broaden the framing of decision-making on ecosystems from a
focus on tangible products to a more inclusive consideration of
ecosystem functions and their services (Ruckelshaus et al., 2015).
Given sufficient scientific evidence on forest, water and energy
interactions, decision-making must recognize that water and
climate-related ecosystem services benefit and impact people well
beyond the local or catchment scale, often far from where actual
decisions on tree planting or removal are made.

Tradeoffs, for example between local restoration costs and
downstream or downwind benefits, must also be taken into
account (Balana et al., 2012). Land conversions resulting in
significant change in forest cover may differentially affect people
both downstream and downwind.

Findings on forest and water interactions have important
implications for environmental accounting. In addition to repre-
senting a potential loss for downstream water users, we likewise
see ET as a potential gain for downwind users. Thus, the accounting
and definition of plant water use as “consumption” is problematic
and requires careful consideration (Launiainen et al., 2014; Maes
et al., 2009). Likewise, accounting practices and predictions of
crucial water shortfalls based on estimates of future demand are
not based on adequate understanding of precipitation recycling
contributions (van Noordwijk et al., 2014).

8. Implications for global equity

Changes in tree cover and their consequences for water and
climate from local to global scale create winners and losers. Land
conversions from forests to agriculture have downwind impacts on
water availability and alter the land surface energy balance. On the
other hand, enforcing upstream or upwind forest protection for the
benefits of downstream or downwind agriculture can potentially
restrict the freedom of choice and the livelihood options of
upstream and upwind communities.

Achieving a fair distribution of the benefits and burdens of
management practices regarding forest, water and energy
interactions will require careful attention to existing livelihoods
and communal ways of life. Promoting positive synergies will
require significant attention to geographic and environmental
detail.

This observation recognizes the importance of communication
with, and the incorporation of, local communities in decision-
making practices. On the other hand, the role of forests in water
and climate regulation and, consequently, food production must be
better integrated into all levels of land-use management and
governance. Because such interactions are both transboundary and
transregional in character, transregional and potentially also
continental levels of governance (e.g. the European Union (EU),
the Central African Forests Commission (COMIFAC), the Central
American Commission on Environment and Development (CCAD),
etc.) must be brought to bear (or even be created) alongside local,
catchment basin-levels. Water law should likewise ideally reflect
the role and importance of these interactions (Sullivan and Fisher,
2011). Yet it remains the norm that legislation and existing
conventions that manage local and transboundary catchments
neglect these issues (Loures and Rieu-Clarke, 2013). South African
water law, for example, licenses “stream flow reduction activities”
associated with forestry operations, but neglects possible, and
potentially beneficial, downwind impacts.

Despite increasing recognition of the rights of indigenous
peoples and their forest management capabilities, some who
cannot easily be mapped and tied to a specific territory still fall
through the cracks (De Royer et al., 2015), while others are
marginalized by uneven power relations. And the creation of some
protected areas in areas previously used by people has led to the
creation of “conservation refugees” (Sheil et al., 2016). Evictions of
local people from places where reservoirs are constructed or
forests are deemed more essential for the functioning of reservoirs
(than the livelihoods of people) illustrate that local rights and
interests are inadequately represented and considered (Mosko-
witz, 2015).

If governance and legislative systems can become more
integrated and coherent, positive consequences for livelihoods and
development are likely to be achieved by bringing about improved
recognition of forest contributions to water and climate regulation.
But this can only succeed if local peoples are adequately integrated
into regional and continental land-use decision-making processes.
Many farmers are interested and willing to plant trees because
they see co-benefits, like the cooling effects of shade trees
(agroforestry), water-quality improvements, the provision of fuel
wood and other valuable non-timber products.

9. A call to action

Integrating forest effects on energy balance, the water cycle and
climate into policy actions is key for the successful pursuit of
adaptation and forest carbon-related mitigation goals. To this end,
significant revision of national, regional and continental climate
change mitigation and adaptation strategies is required. Though
the 2015 UNFCCC Paris Agreement has again turned attention to
the carbon-related role of forests, the agreement likewise
emphasizes that mitigation and adaptation agendas are to be
handled in synergy. Much can still be done to improve
implementation.

The effects of forests on water and climate at local, regional and
continental scales provide a powerful adaptation tool that, if
wielded successfully, also has globally-relevant climate change
mitigation potential. A new and radically improved mitigation and
adaptation agenda designed for the new millennium could learn to
marshal land-atmosphere carbon, water and energy cycles in ways
that optimize their potential. Building on synergies and avoiding or
minimizing tradeoffs represents the key to a more sustainable and
productive future with improved adaptation and thereby mitiga-
tion potential.

The geopolitical implications of catchment connectivity suggest
we have little choice but to broaden our scale of intervention from
the local catchment level to regional and continental institutional
and political arrangements capable of addressing the impacts of
land-use change. Land management must consider the regional
and continental effects of forest on water and climate – with a
strong emphasis on acknowledging the contribution of atmo-
spheric moisture and the cooling power of forest and tree-
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dominated land-atmosphere interactions. Most water assessment
tools still do not consider flows of atmospheric moisture. Land
planning tools for ecosystem services, however, are beginning to
integrate the nuances of the “right tree in the right place” as a well-
understood function (Jackson et al., 2013).

A call to action on forests, water and climate is emerging on
many fronts. Consideration of the effects of forests on water and
climate suggests this call is urgent. Stimulating regional and
continental approaches may help develop more appropriate
governance, thereby improving the chances for success.

Acknowledgements

We thank anonymous reviewers for helpful comments. The
authors would also like to thank David Aldred and Jacqueline
Serran for assistance with figures. WeForest and KLIMOS
contributed partial funding for a workshop hosted by KU Leuven
and held in June 2015, where initial parts of this paper were
drafted. The authors would also like to acknowledge support from
the CGIAR Research Program on Forests, Trees and Agroforestry
(CRP-FTA), Australian Research Council fund LP130100498, ENKI
and the Belgian Development Cooperation through VLIR-UOS.

References

Alkama, R., Cescatti, A., 2016. Biophysical climate impacts of recent changes in
global forest cover. Science 351, 600–604. doi:http://dx.doi.org/10.1126/science.
aac8083.

Andréassian, V., 2004. Waters and forests: from historical controversy to scientific
debate. J. Hydrol. 291, 1–27. doi:http://dx.doi.org/10.1016/j.jhydrol.2003.12.015.

Aldrich, M.A., Imberger, J., 2013. The effect of land clearing on rainfall and fresh
water resources in Western Australia: a multi-functional sustainability analysis.
Int. J. Sustain. Dev. World Ecol. 20, 549–563. doi:http://dx.doi.org/10.1080/
13504509.2013.850752.

Azevedo, J., Morgan, D.L., 1974. Fog precipitation in coastal California forests.
Ecology 55, 1135–1141. doi:http://dx.doi.org/10.2307/1940364.

Bala, G., Caldeira, K., Wickett, M., Phillips, T.J., Lobell, D.B., Delire, C., Mirin, A., 2007.
Combined climate and carbon-cycle effects of large-scale deforestation. Proc.
Natl. Acad. Sci. 104, 6550–6555. doi:http://dx.doi.org/10.1073/
pnas.0608998104.

Balana, B.B., Muys, B., Haregeweyn, N., Descheemaeker, K., Deckers, J., Poesen, J.,
Nyssen, J., Mathijs, E., 2012. Cost-benefit analysis of soil and water conservation
measure: the case of exclosures in northern Ethiopia. For. Policy Econ.15, 27–36.
doi:http://dx.doi.org/10.1016/j.forpol.2011.09.008.

Ban-Weiss, G.A., Bala, G., Cao, L., Pongratz, J., Caldeira, K., 2011. Climate forcing and
response to idealized changes in surface latent and sensible heat. Environ. Res.
Lett. 6, 34032. doi:http://dx.doi.org/10.1088/1748-9326/6/3/034032.

Bargués Tobella, A., Reese, H., Almaw, A., Bayala, J., Malmer, A., Laudon, H., Ilstedt, U.,
2014. The effect of trees on preferential flow and soil infiltrability in an
agroforestry parkland in semiarid Burkina Faso. Water Resour. Res. 50, 3342–
3354. doi:http://dx.doi.org/10.1002/2013WR015197.

Bayala, J., Teklehaimanot, Z., Ouedraogo, S.J., 2002. Millet production under pruned
tree crowns in a parkland system in Burkina Faso. Agrofor. Syst. 54, 203–214.
doi:http://dx.doi.org/10.1023/A:1016058906682.

Bigg, E.K., Soubeyrand, S., Morris, C.E., 2015. Persistent after-effects of heavy rain on
concentrations of ice nuclei and rainfall suggest a biological cause. Atmospheric
Chem. Phys. 15, 2313–2326. doi:http://dx.doi.org/10.5194/acp-15-2313-2015.

Bonan, G.B., 2008. Forests and climate change: forcings feedbacks, and the climate
benefits of forests. Science 320, 1444–1449. doi:http://dx.doi.org/10.1126/
science.1155121.

Bosch, J.M., Hewlett, J.D., 1982. A review of catchment experiments to determine the
effect of vegetation changes on water yield and evapotranspiration. J. Hydrol.
55, 3–23. doi:http://dx.doi.org/10.1016/0022-1694(82)90117-2.

Bounoua, L., Zhang, P., Mostovoy, G., Thome, K., Masek, J., Imhoff, M., Shepherd,
Marshall, Quattrochi, D., Santanello, J., Silva, J., Wolfe, R., Toure, A.M., 2015.
Impact of urbanization on US surface climate. Environ. Res. Lett. 10, 84010. doi:
http://dx.doi.org/10.1088/1748-9326/10/8/084010.

Brienen, R.J.W., Phillips, O.L., Feldpausch, T.R., Gloor, E., Baker, T.R., Lloyd, J., et al.,
2015. Long-term decline of the Amazon carbon sink. Nature 519, 344–348. doi:
http://dx.doi.org/10.1038/nature14283.

Bruijnzeel, L.A., Mulligan, M., Scatena, F.N., 2011. Hydrometeorology of tropical
montane cloud forests: emerging patterns. Hydrol. Process. 25, 465–498. doi:
http://dx.doi.org/10.1002/hyp.7974.

Bruijnzeel, L.A., 1989. (de)forestation and dry season flow in the tropics: a closer
look. J. Trop. For. Sci. 1, 229–243.

Bruijnzeel, L.A., 2001. Hydrology of tropical montane cloud forests: a Reassessment.
Land Use Water Resour. Res. 1.
Bruijnzeel, L.A., 2004. Hydrological functions of tropical forests: not seeing the soil
for the trees? Agric. Ecosyst. Environ. 104, 185–228. doi:http://dx.doi.org/
10.1016/j.agee.2004.01.015.

Calder, I.R., 2005. Blue Revolution: Integrated Land and Water Resource
Management: Integrated Land and Water Resources Management, 2nd edition
Earthscan, London; Sterling, VA.

Chapin, F.S., Mcguire, A.D., Randerson, J., Pielke, R., Baldocchi, D., Hobbie, S.E., Roulet,
N., Eugster, W., Kasischke, E., Rastetter, E.B., Zimov, S.A., Running, S.W., 2000.
Arctic and boreal ecosystems of western North America as components of the
climate system. Glob. Change Biol. 6, 211–223. doi:http://dx.doi.org/10.1046/
j.1365-2486.2000.06022.x.

Debortoli, N.S., Dubreuil, V., Hirota, M., Filho, S.R., Lindoso, D.P., Nabucet, J., 2016.
Detecting deforestation impacts in Southern Amazonia rainfall using rain
gauges. Int. J. Climatol. doi:http://dx.doi.org/10.1002/joc.4886.

De Royer, S., Visser, L.E., Galudra, G., Pradhan, U., Van Noordwijk, M., 2015. Self-
identification of indigenous people in post-independence Indonesia: a
historical analysis in the context of REDD+. Int. For. Rev. 17, 282–297. doi:http://
dx.doi.org/10.1505/146554815815982648.

DeFries, R.S., Rudel, T., Uriarte, M., Hansen, M., 2010. Deforestation driven by urban
population growth and agricultural trade in the twenty-first century. Nat.
Geosci. 3, 178–181.

del-Val, E., Armesto, J.J., Barbosa, O., Christie, D.A., Gutiérrez, A.G., Jones, C.G.,
Marquet, P.A., Weathers, K.C., 2006. Rain forest islands in the chilean semiarid
region: fog-dependency. Ecosystem Persistence and Tree Regeneration.
Ecosystems 9, 598–608. doi:http://dx.doi.org/10.1007/s10021-006-0065-6.

Delzon, S., Loustau, D., 2005. Age-related decline in stand water use: sap flow and
transpiration in a pine forest chronosequence. Agric. For. Meteorol. 129, 105–
119. doi:http://dx.doi.org/10.1016/j.agrformet.2005.01.002.

Dirmeyer, P.A., Brubaker, K.L., DelSole, T., 2009. Import and export of atmospheric
water vapor between nations. J. Hydrol. 365, 11–22. doi:http://dx.doi.org/
10.1016/j.jhydrol.2008.11.016.

Duffy, P.B., Brando, P., Asner, G.P., Field, C.B., 2015. Projections of future
meteorological drought and wet periods in the Amazon. Proc. Natl. Acad. Sci. U.
S. A. 112, 13172–13177. doi:http://dx.doi.org/10.1073/pnas.1421010112.

Duguma, L.A., Minang, P.A., van Noordwijk, M., 2014. Climate change mitigation and
adaptation in the land use sector: from complementarity to synergy. Environ.
Manage. 54, 420–432. doi:http://dx.doi.org/10.1007/s00267-014-0331-x.

Ellison, D.N., Futter, M., Bishop, K., 2012. On the forest cover–water yield debate:
from demand- to supply-side thinking. Glob. Change Biol. 18, 806–820. doi:
http://dx.doi.org/10.1111/j.1365-2486..02589.x.

FAO, 2015. Forest and Water - A Five-Year Action Plan. FAO, Rome.
FAO, 2016. Global Forest Resources Assessment 2015: How Are the World’s Forests

Changing? FAO, Rome.
Fan, J., Zhang, R., Li, G., Tao, W.-K., 2007. Effects of aerosols and relative humidity on

cumulus clouds. J. Geophys. Res. Atmospheres 112, D14204. doi:http://dx.doi.
org/10.1029/2006jd008136.

Farley, K.A., Jobbágy, E.G., Jackson, R.B., 2005. Effects of afforestation on water yield:
a global synthesis with implications for policy. Glob. Change Biol.11, 1565–1576.
doi:http://dx.doi.org/10.1111/j.1365-2486.2005.01011.x.

Fischer, E.M., Knutti, R., 2015. Anthropogenic contribution to global occurrence of
heavy-precipitation and high-temperature extremes. Nat. Clim. Change 5, 560–
564. doi:http://dx.doi.org/10.1038/nclimate2617.

Ghazoul, J., Sheil, D., 2010. Tropical Rain Forest Ecology, Diversity, and Conservation.
University Press, Oxford.

Hallquist, M., Wenger, J.C., 2009. The formation, properties and impact of secondary
organic aerosol: current and emerging issues. Atmos. Chem. Phys. 9, 5155–5236.
doi:http://dx.doi.org/10.5194/acpd-9-3555-2009.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A.,
Thau, D., Stehman, S.V., Goetz, S.J., Loveland, T.R., Kommareddy, A., Egorov, A.,
Chini, L., Justice, C.O., Townshend, J.R.G., 2013. High-Resolution global maps of
21st-Century forest cover change. Science 342, 850–853. doi:http://dx.doi.org/
10.1126/science.1244693.

Heiblum, R.H., Koren, I., Feingold, G., 2014. On the link between Amazonian forest
properties and shallow cumulus cloud fields. Atmos. Chem. Phys. 14, 6063–
6074. doi:http://dx.doi.org/10.5194/acp-14-6063-2014.

Herring, S.C., Hoerling, M.P., Kossin, J.P., Peterson, T.C., Stott, P.A., 2015. Explaining
extreme events of 2014 from a climate perspective. Bull. Am. Meteorol. Soc. 96,
S1–172. doi:http://dx.doi.org/10.1175/bams-explainingextremeevents2014.1.

Hesslerová, P., Pokorný, J., Brom, J., Rejšková–Procházková, A., 2013. Daily dynamics
of radiation surface temperature of different land cover types in a temperate
cultural landscape: consequences for the local climate. Ecol. Eng. 54, 145–154.
doi:http://dx.doi.org/10.1016/j.ecoleng.2013.01.036.

Hirsch, F., Clark, D., Vihervaara, P., 2011. Payments for Forest?related Ecosystem
Services: What Role for a Green Economy? Background Paper for the Workshop
on Payments for Ecosystem Services. UNECE/FAO Forestry and Timber Section,
Geneva.

Hoekstra, A.Y., 2010. The global dimension of water governance: why the river basin
approach is No longer sufficient and why cooperative action at global level is
needed. Water 3, 21–46. doi:http://dx.doi.org/10.3390/w3010021.

Ilstedt, U., Malmer, A., Verbeeten, E., Murdiyarso, D., 2007. The effect of afforestation
on water infiltration in the tropics: a systematic review and meta-analysis. For.
Ecol. Manage. 251, 45–51. doi:http://dx.doi.org/10.1016/j.foreco.2007.06.014.

Ilstedt, U., Bargués Tobella, A., Bazié, H.R., Bayala, J., Verbeeten, E., Nyberg, G., Sanou,
J., Benegas, L., Murdiyarso, D., Laudon, H., Sheil, D., Malmer, A., 2016.
Intermediate tree cover can maximize groundwater recharge in the seasonally
dry tropics. Sci. Rep. 6, 21930.

http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0005
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0005
http://dx.doi.org/10.1126/science.aac8083
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0010
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0010
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0015
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0015
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0015
http://dx.doi.org/10.1080/13504509.2013.850752
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0020
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0020
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0025
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0025
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0025
http://dx.doi.org/10.1073/pnas.0608998104
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0030
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0030
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0030
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0030
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0035
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0035
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0035
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0040
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0040
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0040
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0040
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0045
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0045
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0045
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0050
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0050
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0050
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0055
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0055
http://dx.doi.org/10.1126/science.1155121
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0060
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0060
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0060
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0065
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0065
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0065
http://dx.doi.org/10.1088/1748-9326/10/8/084010
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0070
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0070
http://dx.doi.org/10.1038/nature14283
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0075
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0075
http://dx.doi.org/10.1002/hyp.7974
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0080
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0080
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0085
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0085
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0090
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0090
http://dx.doi.org/10.1016/j.agee.2004.01.015
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0095
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0095
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0095
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0100
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0100
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0100
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0100
http://dx.doi.org/10.1046/j.1365-2486.2000.06022.x
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0105
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0105
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0105
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0110
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0110
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0110
http://dx.doi.org/10.1505/146554815815982648
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0115
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0115
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0115
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0120
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0120
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0120
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0120
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0125
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0125
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0125
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0130
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0130
http://dx.doi.org/10.1016/j.jhydrol.2008.11.016
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0135
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0135
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0135
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0140
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0140
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0140
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0145
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0145
http://dx.doi.org/10.1111/j.1365-2486..02589.x
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0150
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0155
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0155
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0160
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0160
http://dx.doi.org/10.1029/2006jd008136
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0165
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0165
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0165
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0170
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0170
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0170
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0175
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0175
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0180
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0180
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0180
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0185
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0185
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0185
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0185
http://dx.doi.org/10.1126/science.1244693
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0190
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0190
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0190
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0195
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0195
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0195
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0200
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0200
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0200
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0200
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0205
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0205
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0205
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0205
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0210
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0210
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0210
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0215
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0215
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0215
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0220
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0220
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0220
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0220


60 D. Ellison et al. / Global Environmental Change 43 (2017) 51–61
Jackson, R.B., Jobbágy, E.G., Avissar, R., Roy, S.B., Barrett, D.J., Cook, C.W., Farley, K.A.,
Maitre, B.A., le McCarl, D.C., Murray, B.A., Murray, B.C., 2005. Trading water for
carbon with biological carbon sequestration. Science 310, 1944–1947. doi:
http://dx.doi.org/10.1126/science.1119282.

Jackson, B., Pagella, T., Sinclair, F., Orellana, B., Henshaw, A., Reynolds, B., Mcintyre,
N., Wheater, H., Eycott, A., 2013. Polyscape: a GIS mapping framework providing
efficient and spatially explicit landscape-scale valuation of multiple ecosystem
services. Landsc. Urban Plann. 112, 74–88. doi:http://dx.doi.org/10.1016/j.
landurbplan.2012.12.014.

Jasechko, S., Sharp, Z.D., Gibson, J.J., Birks, S.J., Yi, Y., Fawcett, P.J., 2013. Terrestrial
water fluxes dominated by transpiration. Nature 496, 347–350. doi:http://dx.
doi.org/10.1038/nature11983.

Jongman, B., Winsemius, H.C., Aerts, J.C.J.H., Perez, E.C., de Aalst, M.K., van Kron, W.,
Ward, P.J., 2015. Declining vulnerability to river floods and the global benefits of
adaptation. Proc. Natl. Acad. Sci. 112, E2271–E2280. doi:http://dx.doi.org/
10.1073/pnas.1414439112.

Kelley, C.P., Mohtadi, S., Cane, M.A., Seager, R., Kushnir, Y., 2015. Climate change in
the Fertile Crescent and implications of the recent Syrian drought. Proc. Natl.
Acad. Sci. 112, 3241–3246. doi:http://dx.doi.org/10.1073/pnas.1421533112.

Keys, P.W., van der Ent, R.J., Gordon, L.J., Hoff, H., Nikoli, R., Savenije, H.H.G., 2012.
Analyzing precipitationsheds to understand the vulnerability of rainfall
dependent regions. Biogeosciences 9, 733–746. doi:http://dx.doi.org/10.5194/
bg-9-733-2012.

Khain, A.P., 2009. Notes on state-of-art investigations of aerosol effects on
precipitation: a critical review. Environ. Res. Lett. 4, 15004. doi:http://dx.doi.
org/10.1088/1748-9326/4/1/015004.

Laestadius, L., Maginnis, S., Rietbergen-McCracken, J., Saint-Laurent, C., Shaw, D.,
Verdone, M., 2014. A guide to the Restoration Opportunities Assessment
Methodology (ROAM): Assessing forest landscape restoration opportunities at
the national or sub-national level. IUCN, Gland, Switzerland.

Lal, R., 1996. Deforestation and land-use effects on soil degradation and
rehabilitation in western Nigeria. I. Soil physical and hydrological properties.
Land Degrad. Dev. 7, 19–45 10.1002/(SICI)1099-145X(199603)7:1<19:AID-
LDR212>3.0. CO;2-M.

Launiainen, S., Futter, M.N., Ellison, D., Clarke, N., Finér, L., Högbom, L., Laurén, A.,
Ring, E., 2014. Is the water footprint an appropriate tool for forestry and forest
products: the fennoscandian case. AMBIO 43, 244–256. doi:http://dx.doi.org/
10.1007/s13280-013-0380-z.

Lawrence, D., Vandecar, K., 2015. Effects of tropical deforestation on climate and
agriculture. Nat. Clim. Change 5, 27–36. doi:http://dx.doi.org/10.1038/
nclimate2430.

Lee, X., Goulden, M.L., Hollinger, D.Y., Barr, A., Black, T.A., Bohrer, G., Bracho, R.,
Drake, B., Goldstein, A., Gu, L., Katul, G., Kolb, T., Law, B.E., Margolis, H., Meyers,
T., Monson, R., Munger, W., Oren, R., Paw, U.K.T., Richardson, A.D., Schmid, H.P.,
Staebler, R., Wofsy, S., Zhao, L., 2011. Observed increase in local cooling effect of
deforestation at higher latitudes. Nature 479, 384–387. doi:http://dx.doi.org/
10.1038/nature10588.

Li, Y., Zhao, M., Motesharrei, S., Mu, Q., Kalnay, E., Li, S., 2015. Local cooling and
warming effects of forests based on satellite observations. Nat. Commun. 6,
6603. doi:http://dx.doi.org/10.1038/ncomms7603.

Liu, W., Meng, F.-R., Zhang, Y., Liu, Y., Li, H., 2004. Water input from fog drip in the
tropical seasonal rain forest of xishuangbanna, south-West China. J. Trop. Ecol.
20, 517–524.

Liu, Y., Xiao, J., Ju, W., Xu, K., Zhou, Y., Zhao, Y., 2016. Recent trends in vegetation
greenness in China significantly altered annual evapotranspiration and water
yield. Environ. Res. Lett. 11, 94010.

Locatelli, B., Vignola, R., 2009. Managing watershed services of tropical forests and
plantations: can meta-analyses help? For. Ecol. Manag. 258, 1864–1870. doi:
http://dx.doi.org/10.1016/j.foreco.2009.01.015.

Locatelli, B., Catterall, C.P., Imbach, P., Kumar, C., Lasco, R., Marín-Spiotta, E., Mercer,
B., Powers, J.S., Schwartz, N., Uriarte, M., 2015. Tropical reforestation and climate
change: beyond carbon. Restor. Ecol. 23, 337–343. doi:http://dx.doi.org/10.1111/
rec.12209.

Locatelli, B., Fedele, G., Fayolle, A., Baglee, A., 2016. Synergies between adaptation
and mitigation in climate change finance. Int. J. Clim. Change Strateg. Manag. 8,
112–128. doi:http://dx.doi.org/10.1108/IJCCSM-07-2014-0088.

The UN Watercourses Convention in Force: Strengthening International Law for
Transboundary Water Management. In: Loures, F.R., Rieu-Clarke, A. (Eds.),
Earthscan, London; New York.

Maes, W.H., Heuvelmans, G., Muys, B., 2009. Assessment of land use impact on
water-Related ecosystem services capturing the integrated terrestrial-Aquatic
system. Environ. Sci. Technol. 43, 7324–7330. doi:http://dx.doi.org/10.1021/
es900613w.

Maes, W.H., Pashuysen, T., Trabucco, A., Veroustraete, F., Muys, B., 2011. Does energy
dissipation increase with ecosystem succession? Testing the ecosystem exergy
theory combining theoretical simulations and thermal remote sensing
observations. Ecol. Model. 222, 3917–3941. doi:http://dx.doi.org/10.1016/j.
ecolmodel.2011.08.028.

Makarieva, A.M., Gorshkov, V.G., 2007. Biotic pump of atmospheric moisture as
driver of the hydrological cycle on land. Hydrol. Earth Syst. Sci. 11, 1013–1033.
doi:http://dx.doi.org/10.5194/hess-11-1013-2007.

Makarieva, A.M., Gorshkov, V.G., Li, B.-L., 2013a. Revisiting forest impact on
atmospheric water vapor transport and precipitation. Theor. Appl. Climatol. 111,
79–96. doi:http://dx.doi.org/10.1007/s00704-012-0643-9.

Makarieva, A.M., Gorshkov, V.G., Sheil, D., Nobre, A.D., Li, B.-L., 2013b. Where do
winds come from? A new theory on how water vapor condensation influences
atmospheric pressure and dynamics. Atmos. Chem. Phys. 13, 1039–1056. doi:
http://dx.doi.org/10.5194/acp-13-1039-2013.

Makarieva, A.M., Gorshkov, V.G., Nefiodov, A.V., Sheil, D., Nobre, A.D., Shearman, P.L.,
Li, B.-L., 2017. Kinetic energy generation in heat engines and heat pumps: the
relationship between surface pressure, temperature and circulation cell size.
Tellus Dyn. Meteorol. Oceanogr. 69, 1. doi:http://dx.doi.org/10.1080/
16000870.2016.1272752.

Malmer, A., Murdiyarso, D., (sampurno) Bruijnzeel, L.A., Ilstedt, U., 2010. Carbon
sequestration in tropical forests and water: a critical look at the basis for
commonly used generalizations. Glob. Change Biol. 16, 599–604. doi:http://dx.
doi.org/10.1111/j.1365-2486.2009.01984.x.

Meijaard, E., Abram, N.K., Wells, J.A., Pellier, A.-S., Ancrenaz, M., Gaveau, D.L.A.,
Runting, R.K., Mengersen, K., 2013. People’s perceptions about the importance
of forests on borneo. PLoS One 8, e73008. doi:http://dx.doi.org/10.1371/journal.
pone.0073008.

Mekonnen, M.M., Hoekstra, A.Y., 2016. Four billion people facing severe water
scarcity. Sci. Adv. 2, e1500323. doi:http://dx.doi.org/10.1126/sciadv.1500323.

Montenegro, A., Eby, M., Mu, Q., Mulligan, M., Weaver, A.J., Wiebe, E.C., Zhao, M.,
2009. The net carbon drawdown of small scale afforestation from satellite
observations. Glob. Planet. Change 69, 195–204. doi:http://dx.doi.org/10.1016/j.
gloplacha.2009.08.005.

Morris, C.E., Conen, F., Alex Huffman, J., Phillips, V., Pöschl, U., Sands, D.C., 2014.
Bioprecipitation: a feedback cycle linking Earth history, ecosystem dynamics
and land use through biological ice nucleators in the atmosphere. Glob. Change
Biol. 20, 341–351. doi:http://dx.doi.org/10.1111/gcb.12447.

Morris, C.E., Soubeyrand, S., Bigg, E.K., Creamean, J.M., Sands, D.C., 2016. Mapping
rainfall feedback to reveal the potential sensitivity of precipitation to biological
aerosols. Bull. Am. Meteorol. Soc. doi:http://dx.doi.org/10.1175/bams-d-15-
00293.1.

Moskowitz, K., 2015. Are you planting trees or are you planting people? Squatter
Resistance and International Development in the Making of a Kenyan
Postcolonoial Political Order (c1963–78). J. Afr. Hist. 56, 99–118. doi:http://dx.
doi.org/10.1017/S0021853714000668.

Muñoz-Villers, L., Holwerda, F., Alvarado-Barrientos, M., Geissert, D., Marín-Castro,
B., Gomez-Tagle, A., 2015. Efectos hidrológicos de la conversión del bosque de
niebla en el centro de Veracruz. México Bosque 36, 395–407. doi:http://dx.doi.
org/10.4067/S0717-92002015000300007.

Muys, B., Nyssen, J., du Toit, B., Vidale, E., Prokofieva, I., Mavsar, R., Palahi, M., 2014.
Water-related ecosystem services of forests: learning from regional cases. In:
Katila, P., Galloway, G., de Jong, W., Pacheco, P., Mery, G. (Eds.), Forests Under
Pressure – Local Response to Global Issues, IUFRO World Series. IUFRO, pp. 423–
440.

Naudts, K., Chen, Y., McGrath, M.J., Ryder, J., Valade, A., Otto, J., Luyssaert, S., 2016.
Europe’s forest management did not mitigate climate warming. Science 351,
597–600. doi:http://dx.doi.org/10.1126/science.aad7270.

Neary, D.G., Ice, G.G., Jackson, C.R., 2009. Linkages between forest soils and water
quality and quantity. For. Ecol. Manage. 258, 2269–2281. doi:http://dx.doi.org/
10.1016/j.foreco.2009.05.027.

Neumann, R.B., Cardon, Z.G., 2012. The magnitude of hydraulic redistribution by
plant roots: a review and synthesis of empirical and modeling studies. New
Phytol. 194, 337–352. doi:http://dx.doi.org/10.1111/j.1469-8137.2012.04088.x.

Nobre, A.D., 2014. The Future Climate of Amazonia, Scientific Assessment Report.
(Sponsored by CCST-INPE, INPA and ARA, São José dos Campos Brazil).

Nyberg, G., Bargués Tobella, A., Kinyangi, J., Ilstedt, U., 2012. Soil property changes
over a 120-yr chronosequence from forest to agriculture in western Kenya.
Hydrol. Earth Syst. Sci. 16, 2085–2094. doi:http://dx.doi.org/10.5194/hess-16-
2085-2012.

Oliveira, L.J.C., Costa, M.H., Soares-Filho, B.S., Coe, M.T., 2013. Large-scale expansion
of agriculture in Amazonia may be a no-win scenario. Environ. Res. Lett. 8,
24021. doi:http://dx.doi.org/10.1088/1748-9326/8/2/024021.

Ordonez, J., Luedeling, E., Kindt, R., Lestari Tata, H., Harja, D., Jamnadass, R., Van
Noordwijk, M., 2014. Tree diversity along the forest transition curve: drivers,
consequences and entry points for multifunctional agriculture. Curr. Opin.
Environ. Sustain. 6, 54–60.

Paquette, A., Messier, C., 2011. The effect of biodiversity on tree productivity: from
temperate to boreal forests. Glob. Ecol. Biogeogr. 20, 170–180. doi:http://dx.doi.
org/10.1111/j.1466-8238.2010.00592.x.

Pepin, N.C., Duane, W.J., Hardy, D.R., 2010. The montane circulation on Kilimanjaro
Tanzania and its relevance for the summit ice fields: comparison of surface
mountain climate with equivalent reanalysis parameters. Glob. Planet. Change
74, 61–75. doi:http://dx.doi.org/10.1016/j.gloplacha.2010.08.001.

Pilaš, I., Feger, K.-H., Vilhar, U., Wahren, A., 2010. Multidimensionality of scales and
approaches for Forest?Water interactions. In: Bredemeier, M., Cohen, S.,
Godbold, D.L., Lode, E., Pichler, V., Schleppi, P. (Eds.), Forest Management and the
Water Cycle. Springer, Netherlands, pp. 351–380.

Pöhlker, C., Wiedemann, K.T., Sinha, B., Shiraiwa, M., Gunthe, S.S., Smith, M., Su, H.,
Artaxo, P., Chen, Q., Cheng, Y., Elbert, W., Gilles, M.K., Kilcoyne, A.L.D., Moffet, R.
C., Weigand, M., Martin, S.T., Pöschl, U., Andreae, M.O., 2012. Biogenic potassium
salt particles as seeds for secondary organic aerosol in the amazon. Science 337,
1075–1078. doi:http://dx.doi.org/10.1126/science.1223264.

Pokorný, J., Brom, J., Cermák, J., Hesslerová, P., 2010. Solar energy dissipation and
temperature control by water and plants. Int. J. Water 5, 311–336. doi:http://dx.
doi.org/10.1504/IJW.2010.038726.

Pongratz, J., Reick, C.H., Raddatz, T., Claussen, M., 2010. Biogeophysical versus
biogeochemical climate response to historical anthropogenic land cover

http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0225
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0225
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0225
http://dx.doi.org/10.1126/science.1119282
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0230
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0230
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0230
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0230
http://dx.doi.org/10.1016/j.landurbplan.2012.12.014
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0235
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0235
http://dx.doi.org/10.1038/nature11983
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0240
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0240
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0240
http://dx.doi.org/10.1073/pnas.1414439112
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0245
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0245
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0245
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0250
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0250
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0250
http://dx.doi.org/10.5194/bg-9-733-2012
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0255
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0255
http://dx.doi.org/10.1088/1748-9326/4/1/015004
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0260
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0260
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0260
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0260
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0265
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0265
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0265
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0265
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0270
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0270
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0270
http://dx.doi.org/10.1007/s13280-013-0380-z
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0275
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0275
http://dx.doi.org/10.1038/nclimate2430
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0280
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0280
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0280
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0280
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0280
http://dx.doi.org/10.1038/nature10588
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0285
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0285
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0285
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0290
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0290
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0290
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0295
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0295
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0295
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0300
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0300
http://dx.doi.org/10.1016/j.foreco.2009.01.015
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0305
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0305
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0305
http://dx.doi.org/10.1111/rec.12209
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0310
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0310
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0310
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0315
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0315
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0315
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0320
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0320
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0320
http://dx.doi.org/10.1021/es900613w
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0325
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0325
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0325
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0325
http://dx.doi.org/10.1016/j.ecolmodel.2011.08.028
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0330
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0330
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0330
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0335
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0335
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0335
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0340
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0340
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0340
http://dx.doi.org/10.5194/acp-13-1039-2013
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0345
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0345
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0345
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0345
http://dx.doi.org/10.1080/16000870.2016.1272752
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0350
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0350
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0350
http://dx.doi.org/10.1111/j.1365-2486.2009.01984.x
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0355
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0355
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0355
http://dx.doi.org/10.1371/journal.pone.0073008
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0360
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0360
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0365
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0365
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0365
http://dx.doi.org/10.1016/j.gloplacha.2009.08.005
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0370
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0370
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0370
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0370
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0375
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0375
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0375
http://dx.doi.org/10.1175/bams-d-15-00293.1
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0380
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0380
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0380
http://dx.doi.org/10.1017/S0021853714000668
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0385
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0385
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0385
http://dx.doi.org/10.4067/S0717-92002015000300007
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0395
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0395
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0395
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0400
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0400
http://dx.doi.org/10.1016/j.foreco.2009.05.027
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0405
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0405
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0405
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0410
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0410
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0415
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0415
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0415
http://dx.doi.org/10.5194/hess-16-2085-2012
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0420
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0420
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0420
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0425
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0425
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0425
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0425
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0430
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0430
http://dx.doi.org/10.1111/j.1466-8238.2010.00592.x
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0435
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0435
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0435
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0435
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0440
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0440
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0440
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0440
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0445
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0445
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0445
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0445
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0445
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0450
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0450
http://dx.doi.org/10.1504/IJW.2010.038726
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0455
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0455


D. Ellison et al. / Global Environmental Change 43 (2017) 51–61 61
change. Geophys. Res. Lett. 37, L08702. doi:http://dx.doi.org/10.1029/
2010gl043010.

Pramova, E., Locatelli, B., Brockhaus, M., Fohlmeister, S., 2012a. Ecosystem services
in the national adaptation programmes of action. Clim. Policy 12, 393–409. doi:
http://dx.doi.org/10.1080/14693062.2011.647848.

Pramova, E., Locatelli, B., Djoudi, H., Somorin, O.A., 2012b. Forests and trees for social
adaptation to climate variability and change. Wiley Interdiscip. Rev. Clim.
Change 3, 581–596. doi:http://dx.doi.org/10.1002/wcc.195.

Pretzsch, H., Biber, P., Schütze, G., Uhl, E., Rötzer, T., 2014. Forest stand growth
dynamics in Central Europe have accelerated since 1870. Nat. Commun. 5, 4967.
doi:http://dx.doi.org/10.1038/ncomms5967.

Prieto, I., Armas, C., Pugnaire, F.I., 2012. Water release through plant roots: new
insights into its consequences at the plant and ecosystem level. New Phytol.193,
830–841. doi:http://dx.doi.org/10.1111/j.1469-8137.2011.04039.x.

Renaud, V., Rebetez, M., 2009. Comparison between open-site and below-canopy
climatic conditions in Switzerland during the exceptionally hot summer of
2003. Agric. For. Meteorol. 149, 873–880. doi:http://dx.doi.org/10.1016/j.
agrformet.2008.11.006.

Reubens, B., Poesen, J., Danjon, F., Geudens, G., Muys, B., 2007. The role of fine and
coarse roots in shallow slope stability and soil erosion control with a focus on
root system architecture: a review. Trees 21, 385–402. doi:http://dx.doi.org/
10.1007/s00468-007-0132-4.

Riccobono, F., Schobesberger, S., Scott, C.E., Dommen, J., Ortega, I.K., Rondo, L.,
Almeida, J., Amorim, A., Bianchi, F., Breitenlechner, M., David, A., Downard, A.,
Dunne, E.M., Duplissy, J., Ehrhart, S., Flagan, R.C., Franchin, A., Hansel, A.,
Junninen, H., Kajos, M., Keskinen, H., Kupc, A., Kürten, A., Kvashin, A.N.,
Laaksonen, A., Lehtipalo, K., Makhmutov, V., Mathot, S., Nieminen, T., Onnela, A.,
Petäjä, T., Praplan, A.P., Santos, F.D., Schallhart, S., Seinfeld, J.H., Sipilä, M.,
Spracklen, D.V., Stozhkov, Y., Stratmann, F., Tomé, A., Tsagkogeorgas, G.,
Vaattovaara, P., Viisanen, Y., Vrtala, A., Wagner, P.E., Weingartner, E., Wex, H.,
Wimmer, D., Carslaw, K.S., Curtius, J., Donahue, N.M., Kirkby, J., Kulmala, M.,
Worsnop, D.R., Baltensperger, U., 2014. Oxidation products of biogenic
emissions contribute to nucleation of atmospheric particles. Science 344, 717–
721. doi:http://dx.doi.org/10.1126/science.1243527.

Riitters, K., Wickham, J., Costanza, J.K., Vogt, P., 2016. A global evaluation of forest
interior area dynamics using tree cover data from 2000 to 2012. Landsc. Ecol. 31,
137–148. doi:http://dx.doi.org/10.1007/s10980-015-0270-9.

Rind, D., Goldberg, R., Hansen, J., Rosenzweig, C., Ruedy, R., 1990. Potential
evapotranspiration and the likelihood of future drought. J. Geophys. Res. Atmos.
95, 9983–10004. doi:http://dx.doi.org/10.1029/JD095iD07p09983.

Ruckelshaus, M., McKenzie, E., Tallis, H., Guerry, A., Daily, G., Kareiva, P., Polasky, S.,
Ricketts, T., Bhagabati, N., Wood, S.A., Bernhardt, J., 2015. Notes from the field:
lessons learned from using ecosystem service approaches to inform real-world
decisions. Ecol. Econ. 115, 11–21. doi:http://dx.doi.org/10.1016/j.
ecolecon.2013.07.009.

Schlesinger, W.H., Jasechko, S., 2014. Transpiration in the global water cycle. Agric.
For. Meteorol. 189 (-190), 115–117. doi:http://dx.doi.org/10.1016/j.
agrformet.2014.01.011.

Scott, D.F., Prinsloo, F.W., 2008. Longer-term effects of pine and eucalypt plantations
on streamflow. Water Resour. Res. 44, W00A08. doi:http://dx.doi.org/10.1029/
2007wr006781.

Sheil, D., Murdiyarso, D., 2009. How forests attract rain: an examination of a new
hypothesis. Bioscience 59, 341–347. doi:http://dx.doi.org/10.1525/
bio.2009.59.4.12.

Sheil, D., 2014. How plants water our planet: advances and imperatives. Trends
Plant Sci. 19, 209–211. doi:http://dx.doi.org/10.1016/j.tplants.2014.01.002.

Sheil, D., Cohen, J., Colfer, C.J.P., Price, D., Puri, R., Ruiz-Perez, M., Sugandi, Y., Vedeld,
P., Wollenberg, E., Yasmi, Y., 2016. The moral basis for conservation–reflections
on Dickman et al. Front. Ecol. Environ. 14, 67–69.

Sodhi, N.S., Lee, T.M., Sekercioglu, C.H., Webb, E.L., Prawiradilaga, D.M., Lohman, D.J.,
Pierce, N.E., Diesmos, A.C., Rao, M., Ehrlich, P.R., 2009. Local people value
environmental services provided by forested parks. Biodivers. Conserv. 19,
1175–1188. doi:http://dx.doi.org/10.1007/s10531-009-9745-9.

Spracklen, D.V., Garcia-Carreras, L., 2015. The impact of Amazonian deforestation on
Amazon basin rainfall. Geophys. Res. Lett. 42, GL066063. doi:http://dx.doi.org/
10.1002/2015GL066063.

Spracklen, D.V., Bonn, B., Carslaw, K.S., 2008. Boreal forests, aerosols and the impacts
on clouds and climate. Philos. Trans. R. Soc. Lond. Math. Phys. Eng. Sci. 366,
4613–4626. doi:http://dx.doi.org/10.1098/rsta.2008.0201.

Spracklen, D.V., Arnold, S.R., Taylor, C.M., 2012. Observations of increased tropical
rainfall preceded by air passage over forests. Nature 489, 282–285. doi:http://
dx.doi.org/10.1038/nature11390.

Steffen, W., Richardson, K., Rockström, J., Cornell, S.E., Fetzer, I., Bennett, E.M., Biggs,
R., Carpenter, S.R., Vries, W., de Wit, C.A., de Folke, C., Gerten, D., Heinke, J., Mace,
G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sörlin, S., 2015. Planetary
boundaries: guiding human development on a changing planet. Science 347,
1259855. doi:http://dx.doi.org/10.1126/science.1259855.

Stickler, C.M., Coe, M.T., Costa, M.H., Nepstad, D.C., McGrath, D.G., Dias, L.C.P.,
Rodrigues, H.O., Soares-Filho, B.S., 2013. Dependence of hydropower energy
generation on forests in the Amazon Basin at local and regional scales. Proc.
Natl. Acad. Sci. 110, 9601–9606. doi:http://dx.doi.org/10.1073/pnas.1215331110.

Sullivan, C.A., Fisher, D.E., 2011. Managing wetlands: integrating natural and human
processes according to law. Hydrol. Sci. J. 56, 1640–1655. doi:http://dx.doi.org/
10.1080/02626667.2011.630318.

Sullivan, C.A., O’Keeffe, J., 2011. Water, biodiversity and ecosystems: reducing our
impact. Water Resources Planning and Management. Cambridge University
Press.

Syktus, J.I., McAlpine, C.A., 2016. More than carbon sequestration: biophysical
climate benefits of restored savanna woodlands. Sci. Rep. 6, 29194.

Tan-Soo, J.-S., Adnan, N., Ahmad, I., Pattanayak, S.K., Vincent, J.R., 2014. Econometric
evidence on forest ecosystem services: deforestation and flooding in Malaysia.
Environ. Resour. Econ. 63, 25–44. doi:http://dx.doi.org/10.1007/s10640-014-
9834-4.

Teuling, A.J., Seneviratne, S.I., Stöckli, R., Reichstein, M., Moors, E., Ciais, P., Luyssaert,
S., van den Hurk, B., Ammann, C., Bernhofer, C., Dellwik, E., Gianelle, D., Gielen,
B., Grünwald, T., Klumpp, K., Montagnani, L., Moureaux, C., Sottocornola, M.,
Wohlfahrt, G., 2010. Contrasting response of European forest and grassland
energy exchange to heatwaves. Nat. Geosci. 3, 722–727. doi:http://dx.doi.org/
10.1038/ngeo950.

Teuling, A.J., Taylor, C.M., Meirink, J.F., Melsen, L.A., Miralles, D.G., van Heerwaarden,
C.C., Vautard, R., Stegehuis, A.I., Nabuurs, G.J., Vilá-Guerau de Arellano, J., 2017.
Observational evidence for cloud cover enhancement over western European
forests. Nat. Commun. 8, 14065. doi:http://dx.doi.org/10.1038/ncomms14065.

Tokinaga, H., Xie, S.-P., Deser, C., Kosaka, Y., Okumura, Y.M., 2012. Slowdown of the
Walker circulation driven by tropical Indo-Pacific warming. Nature 491, 439–
443. doi:http://dx.doi.org/10.1038/nature11576.

Tosca, M.G., Randerson, J.T., Zender, C.S., Flanner, M.G., Rasch, P.J., 2010. Do biomass
burning aerosols intensify drought in equatorial Asia during El Niño? Atmos.
Chem. Phys. 10, 3515–3528. doi:http://dx.doi.org/10.5194/acp-10-3515-2010.

Trabucco, A., Zomer, R.J., Bossio, D.A., van Straaten, O., Verchot, L.V., 2008. Climate
change mitigation through afforestation/reforestation: a global analysis of
hydrologic impacts with four case studies. Int. Agric. Res. Clim. Change Focus
Trop. Syst. 126, 81–97. doi:http://dx.doi.org/10.1016/j.agee.2008.01.015.

Vörösmarty, C., Hoekstra, A., Bunn, S., Conway, D., Gupta, J., 2015. What scale for
water governance? Science 349, 478–479.

Viviroli, D., Weingartner, R., 2004. The hydrological significance of mountains: from
regional to global scale. Hydrol. Earth Syst. Sci. 8, 1017–1030. doi:http://dx.doi.
org/10.5194/hess-8-1017-2004.

van Noordwijk, M., Tanika, L., 2016. Flood risk reduction and flow buffering as
ecosystem services: a flow persistence indicator for watershed health. Hydrol.
Earth Syst. Sci. Discuss. 1–40. doi:http://dx.doi.org/10.5194/hess-2015-538.

van Noordwijk, M., Namirembe, S., Catacutan, D., Williamson, D., Gebrekirstos, A.,
2014. Pricing rainbow, green, blue and grey water: tree cover and geopolitics of
climatic teleconnections. Curr. Opin. Environ. Sustain. 6, 41–47. doi:http://dx.
doi.org/10.1016/j.cosust.2013.10.008.

Van der Ent, R.J., Savenije, H.H., Schaefli, B., Steele-Dunne, S.C., 2010. Origin and fate
of atmospheric moisture over continents. Water Resour. Res. 46.

Vaughn, C.C., 2010. Biodiversity losses and ecosystem function in freshwaters:
emerging conclusions and research directions. Bioscience 60, 25–35. doi:http://
dx.doi.org/10.1525/bio.2010.60.1.7.

Verheyen, K., Vanhellemont, M., Auge, H., Baeten, L., Baraloto, C., Barsoum, N.,
Bilodeau-Gauthier, S., Bruelheide, H., Castagneyrol, B., Godbold, D., Haase, J.,
Hector, A., Jactel, H., Koricheva, J., Loreau, M., Mereu, S., Messier, C., Muys, B.,
Nolet, P., Paquette, A., Parker, J., Perring, M., Ponette, Q., Potvin, C., Reich, P.,
Smith, A., Weih, M., Scherer-Lorenzen, M., 2015. Contributions of a global
network of tree diversity experiments to sustainable forest plantations. Ambio
45, 29–41. doi:http://dx.doi.org/10.1007/s13280-015-0685-1.

Viste, E., Sorteberg, A., 2013. Moisture transport into the Ethiopian highlands. Int. J.
Climatol. 33, 249–263. doi:http://dx.doi.org/10.1002/joc.3409.

Wahren, A., Schwärzel, K., Feger, K.-H., 2012. Potentials and limitations of natural
flood retention by forested land in headwater catchments: evidence from
experimental and model studies. J. Flood Risk Manag. 5, 321–335. doi:http://dx.
doi.org/10.1111/j.1753-318X.2012.01152.x.

WeForest, 2015. Managing Forests for Water and for Climate Cooling. .
Zaitchik, B.F., Macalady, A.K., Bonneau, L.R., Smith, R.B., 2006. Europe’s 2003 heat

wave: a satellite view of impacts and land?atmosphere feedbacks. Int. J.
Climatol. 26, 743–769. doi:http://dx.doi.org/10.1002/joc.1280.

Zhou, G., Wei, X., Chen, X., Zhou, P., Liu, X., Xiao, Y., Sun, G., Scott, D.F., Zhou, S., Han,
L., Su, Y., 2015. Global pattern for the effect of climate and land cover on water
yield. Nat. Commun. 6, 5918. doi:http://dx.doi.org/10.1038/ncomms6918.

Zimmermann, B., Elsenbeer, H., 2008. Spatial and temporal variability of soil
saturated hydraulic conductivity in gradients of disturbance. J. Hydrol. 361, 78–
95. doi:http://dx.doi.org/10.1016/j.jhydrol.2008.07.027.

Zomer, R.J., Neufeldt, H., Xu, J., Ahrends, A., Bossio, D., Trabucco, A., van Noordwijk,
M., Wang, M., 2016. Global Tree Cover and Biomass Carbon on Agricultural Land:
the contribution of agroforestry to global and national carbon budgets. Sci. Rep.
6, 29987.

http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0455
http://dx.doi.org/10.1029/2010gl043010
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0460
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0460
http://dx.doi.org/10.1080/14693062.2011.647848
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0465
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0465
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0465
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0470
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0470
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0470
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0475
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0475
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0475
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0480
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0480
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0480
http://dx.doi.org/10.1016/j.agrformet.2008.11.006
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0485
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0485
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0485
http://dx.doi.org/10.1007/s00468-007-0132-4
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0490
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0495
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0495
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0495
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0500
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0500
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0500
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0505
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0505
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0505
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0505
http://dx.doi.org/10.1016/j.ecolecon.2013.07.009
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0510
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0510
http://dx.doi.org/10.1016/j.agrformet.2014.01.011
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0515
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0515
http://dx.doi.org/10.1029/2007wr006781
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0520
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0520
http://dx.doi.org/10.1525/bio.2009.59.4.12
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0525
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0525
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0530
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0530
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0530
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0535
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0535
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0535
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0535
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0540
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0540
http://dx.doi.org/10.1002/2015GL066063
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0545
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0545
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0545
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0550
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0550
http://dx.doi.org/10.1038/nature11390
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0555
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0555
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0555
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0555
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0555
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0560
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0560
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0560
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0560
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0565
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0565
http://dx.doi.org/10.1080/02626667.2011.630318
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0570
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0570
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0570
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0575
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0575
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0580
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0580
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0580
http://dx.doi.org/10.1007/s10640-014-9834-4
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0585
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0585
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0585
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0585
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0585
http://dx.doi.org/10.1038/ngeo950
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0590
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0590
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0590
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0590
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0595
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0595
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0595
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0600
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0600
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0600
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0605
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0605
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0605
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0605
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0610
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0610
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0615
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0615
http://dx.doi.org/10.5194/hess-8-1017-2004
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0620
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0620
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0620
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0625
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0625
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0625
http://dx.doi.org/10.1016/j.cosust.2013.10.008
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0630
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0630
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0635
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0635
http://dx.doi.org/10.1525/bio.2010.60.1.7
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0640
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0645
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0645
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0650
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0650
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0650
http://dx.doi.org/10.1111/j.1753-318X.2012.01152.x
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0655
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0660
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0660
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0660
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0665
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0665
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0665
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0670
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0670
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0670
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0675
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0675
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0675
http://refhub.elsevier.com/S0959-3780(17)30013-4/sbref0675

	Trees, forests and water: Cool insights for a hot world
	1 Introduction
	2 Forests are intimately linked to rainfall and water availability
	3 Forests transport water locally and globally
	4 Forests cool locally and globally
	5 Forests regulate water supplies
	5.1 Fog and cloud water capture
	5.2 Infiltration and groundwater recharge
	5.3 Flood moderation/mitigation
	5.4 Forest biodiversity

	6 Moving beyond carbon: policy needs and opportunities
	7 Changing narratives for action on forest and water
	8 Implications for global equity
	9 A call to action
	Acknowledgements
	References


