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4.1 Introduction

Building on the eco-hydrological insights reviewed in 
Chapter 2 and the ongoing change in determinants of the 
forest-water relationship in Chapter 3, this chapter aims 
to clarify the effects that changing climate and quantity, 
quality and pattern of tree cover in forests have on the way 
water becomes available for human use and ecosystem in-
tegrity. To do this, the chapter synthesises current under-
standing of implications for local and global hydrology of 
current and anticipated changes to forests and tree cover.

4.2 Current Changes to Forests and 
Implications for Local and Global 
Hydrology

The drivers and determinants of change operating at a 
wide range of spatial and temporal scales modify various 
aspects of the climate-vegetation-soil-streamflow system. 
We will now review a number of examples of such chang-
es and relate changes to key parameters (leaf area index, 
soil surface conditions, rooting depth and macroporosity) 
and to impacts on major hydrological processes.

4.2.1 Hydrological Consequences of Natural 
Forest Disturbance
Natural disturbance such as wildfire, insect pests, diseases, 
windthrow, etc. can greatly change various watershed pro-
cesses (e.g., water quality, hydrology, channel morpholo-
gy) and ecological functions in forested watersheds. Natu-
ral disturbance is part of the dynamics of forest ecosystems 
(Attiwill, 1994; Lertzman et al., 1997), increasing spatial 
heterogeneity and ecosystem complexity, and supporting 
ecosystem resilience. However, catastrophic forest distur-
bance (e.g., stand-replacing wildfire or large-scale insect 
pest outbreaks) can cause undesired ecological and eco-
nomic consequences. Among all natural disturbance types 
globally, wildfire and insect pests are two major natural 
disturbance agents (van Lierop et al., 2015).

Natural disturbances can be described according to their 
type, frequency, severity, intensity, distribution and area af-
fected. In addition, forest disturbances cumulatively affect 
watershed processes over space and time particularly in a 
large watershed or landscape. Some of the most-widely 
studied natural forest disturbances are described below.

4.2.1.1 Invasive Weeds, Insects and Pathogens

Invasive species often have few (if any) predators that can 
regulate their population. Without a check on growth, in-
vasive species populations can proliferate (IPBES, 2018). 
Invasive weeds such as kudzu in the southeastern US can 
grow more than 25 cm per day and completely cover veg-
etation in one growing season (Boyette et al., 2014). Weed 
foliage expands and covers tree foliage, and soil water de-
mand by trees decreases as weed water demand increases. 
For this reason, there may be no net change in forest water 
use so that stream flow rates would remain unchanged. 

Insects and pathogens are common disturbance agents 
to forests, and they can significantly influence hydrologi-
cal processes. The following describes the effects of in-
sects and pathogens on hydrology using the Mountain 
Pine Beetle (Dendroctonus ponderosae Hopkins) (MPB) 
as an example. Tree mortality from the MPB is caused by 
larval galleries and their symbiotic blue stain fungi in the 
inner bark of the trunk (Dhar et al., 2016a). In contrast 
with other major disturbances such as clear-cut harvest-
ing, this disturbance may allow non-affected non-target 
overstory and understory trees and shrubs to form new 
structurally diverse stands. In the first summer of MPB 
attack, affected trees stop transpiring, however the nee-
dles are unaffected, so this is termed ‘green attack’. In 
the following 2 – 3 years, the needles turn red and start to 
fall – the ‘red attack’ phase. More than 3 years after MPB 
attack, once the trees are dead with no remaining needles, 
this stage is termed ‘grey attack’. Although changes in 
canopy colour increase albedo, reducing winter and early 
spring temperatures (Vanderhoof et al., 2014; O’Halloran 
et al., 2012), these changes are offset by a reduction in 
latent heat resulting from reduced evapotranspiration 
and associated increases in soil moisture, with the net ef-
fect that temperature increases in MPB-affected stands 
(Cooper et al., 2017). From red attack onwards, surviving 
vegetation makes use of the increase in available resourc-
es, often growing at an enhanced rate (Dhar et al., 2016a). 
Thus, the changes in energy and vegetation caused by 
MPB infestation drive hydrological responses dynami-
cally as the stand moves through the stages of attack and 
post attack recovery.

A MPB outbreak affects all forest hydrologic process-
es. Tree mortality following MPB attack reduces foliage 
cover and density, and consequently decreases canopy 
interception. The more open canopy after MPB attack 
speeds snow ablation and advances spring melt (by days 
or a few weeks) compared to unaffected stands (Redding 

Mountain Pine Beetle (MPB) infestation in Baskerville,  
British Columbia, Canada, 

Photo © John L. Innes
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et al., 2008; Winkler et al., 2014). Tree transpiration is re-
duced following MPB attack, in magnitude proportionate 
to the severity of mortality (Clark et al., 2014). However, 
concurrently the opening of the forest canopy increases 
sun exposure, which increases soil evaporation. These 
competing processes offset each other (Bearup et al., 
2014; Biederman et al., 2014), to a degree which is not 
well quantified. Understory and surviving overstory trees 
and other vegetation also affect water dynamics after dis-
turbance (Reed et al., 2014). Although evapotranspira-
tion is reduced after insect attack (Dhar et al., 2016b), 
this may be short-lived as rapid growth of understory 
vegetation and regeneration increase evapotranspiration 
to the level prior to disturbance. The effects of the MPB 
on streamflow are controversial (Biederman et al., 2015; 
Penn et al., 2016), but appear to depend on the extent and 
severity of tree mortality and remaining vegetation recov-
ery (Weiler et al., 2009; Wei and Zhang, 2010; Reed et al., 
2014). However, salvage logging following MPB infesta-
tion significantly increases high flows and advances their 
timing (Lin and Wei, 2008; Zhang and Wei, 2013), which 
can potentially increase floods.

Other pest and pathogen attacks on forest may have 
similar, mixed and transient effects (Adams et al., 2012). 
For example, water yield declined and peak flows of large 
events increased in watersheds where eastern hemlock was 
lost due to hemlock woolly adelgid infestation (Kim et al., 
2017). 

4.2.1.2 Wildfire

Wildfire is the most dominant natural disturbance in glob-
al forests, particularly in boreal and Mediterranean for-
ests, although its severity, intensity and frequency varies 
according to forest type (Hansen et al., 2013; van Lierop 
et al., 2015). Wildfires destroy over 300 hundred million 
ha of land each year, although this rate has decreased by 
25% over the past two decades (Andela et al., 2017).  

In Canada alone, wildfire, on average, disturbs 1.6 
Mha annually, and accounts for 2.5 times more area dis-
turbed than harvested (White et al., 2017). Wildfire affects 
both the terrestrial environment and aquatic ecological 
processes. Severity of forest wildfire depends on mete-
orological conditions, vegetation type, stand fuel loading 
and topographic properties (Oliveras et al., 2009). Imple-
mentation of fire suppression can lead to accumulation 
of more fuels which in turn may increase chance of more 
catastrophic fires (Collins et al., 2013). 

In the immediate aftermath of wildfires, the burnt 
soil is bare and dark, and highly susceptible to erosion, 

and even mudflows (as experienced in January 2018 in 
California, see Box 4.1). In the absence of all-consuming 
crown fires, subsequent tree mortality and litter fall can 
restore a protective litter layer, but water repellency of 
soils may cause high overland flow rates with enough en-
ergy to carry freshly fallen litter downhill. 

The impact on forest water resources can be highly 
variable, for several reasons. Intensity, duration and size 

Wildfire and 2018 Southern 
California mudflows
In January 2018, a series of large-scale mudflows oc-
curred in Southern California. They killed more than 
20 people and caused significant economic loss. They 
followed a month after a series of catastrophic wildfires 
in 2017 and occurred after heavy rainfall. Wildfires, 
particularly catastrophic ones, can significantly alter 
hydrological processes and cause severe soil erosion 
and lead to mudflows (Vieira et al., 2015; Schärer et al., 
2017). Mudflows are triggered by two different factors: 
soil erosion caused by rainfall runoff and land-sliding 
caused by rainfall that can no longer be absorbed (Staley 
et al., 2017). Although mudflows can happen anytime fol-
lowing heavy rain, they are exacerbated by wildfires. In 
Southern California, just 13 mm of rain in one hour can 
start a mudflow (Staley et al., 2017). 

Wildfires remove vegetation, reduce leaf area index 
(LAI) and consume forest floor material, and often 
cause hydrophobic soils with high water repellency 
(Vieira et al., 2015) reducing soil infiltration capacity. The 
removal of those ‘protection layers’ reduces forest rain-
fall interception, increasing the kinetic energy of heavy 
rain and its cumulative erosive power for accelerating 
soil erosion and mudflows. 

Wildfires also affect other hydrologic and channel 
morphological processes in our landscapes. Removal 
of vegetation due to the fires can, in turn, reduce 
evapotranspiration and increase runoff. Fire impacts on 
evapotranspiration and runoff are most clearly seen in 
the tropical savannahs, African rainforests, and some 
boreal forests and Mediterranean forests. Wildfires can 
also have adverse effects on water quality (Schärer et 
al., 2017). For example, in September 2017, following 
massive wildfires, ’black rivers’ were reported in north-
ern Spain, caused by the ashes and soil transported by 
runoff from burnt areas. 

Box
4.1

La Tuna wildfire in Los Angeles, CA in 2017

Photo © iStock: Jorge Villalba
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are all determinants of wildfire impacts on tree mortality 
(Dunn and Bailey, 2016; Iverson et al., 2017). Therefore, 
the impacts of wildfire on forest water quantity and qual-
ity is also highly variable (Riggan et al., 1994; Vieira et 
al., 2015; Hallema et al., 2018). As a rule, as wildfires in-
crease, forest leaf area decreases and water flow increas-
es. Variability in climate and the heterogeneous nature of 
wildfire-induced forest loss can mask this relationship 
(Hallema et al., 2017). Wildfire impacts on water quality 
are even more complicated. On forests with little or no 
slope, wildfires will have minimal impact on forest water 
quality if the areas are left to naturally regenerate (Halle-
ma et al., 2017). Determinants of both wildfire and post-
wildfire impacts (e.g., vegetation loss, soil infiltration 
change) need to be considered to better assess changes in 
forest water quantity and quality. Surface fires or ground 
fires, can change the composition and porosity of soil. 
Forest fires tend to volatilise waxes and oils from litter, 
which may condense on soil particles, producing hydro-
phobic (water repellent) conditions in soils that in turn, 
reduce infiltration and increase overland flow (Neary et 
al., 2005). Soil texture, state of aggregation, pH, mineral 
composition of the clay fraction and microbial activity 
also affect soil water repellency (Cesarano et al., 2016). 

Crown fires or stand-replacing fires are more severe, 
not only affecting soils, but also destroying canopy struc-
tures, potentially impacting on all hydrological process-
es. Crown fires eliminate above-ground biomass which 
greatly reduces canopy interception and evapotranspira-
tion (Montes-Helu et al., 2009; Bond-Lamberty et al., 
2009) and increases soil evaporation as soils with altered 
albedo become exposed to solar radiation. As a result of 
increased net precipitation, soil hydrophobicity and de-
creased evapotranspiration, crown fires increase annual 
runoff at the hillslope and catchment scales (Hallema et 
al., 2017; Kopp et al., 2017). In rain dominated water-
sheds burned by crown fires, canopy removal and hydro-
phobic soils increase kinetic energy of rainfall, limit soil 
infiltration capacity and shorten flowpaths. Consequently, 
the magnitude of peak flows is increased, and their timing 
is advanced (Liu et al., 2015). Unlike peak flow and an-
nual runoff, the effect on base flow is uncertain with great 
climatic and spatial variability. For example, base flow 
increased following fires during the dry season in many 
Mediterranean regions (Kinoshita and Hogue, 2011; Bart 
and Tague, 2017), while in northern Mongolia for exam-
ple, baseflow declined in the dry season after wildfire, 
partly due to the diminished water retention capacity of 
the organic surface layer (Kopp et al., 2017). 

4.2.1.3 Ice Storms

Ice storms are winter events characterised by freezing 
rain, and are common in East Asia (Ding et al., 2008) and 
North America (Irland, 2000). An ice storm forms along 
a narrow band on the cold side of a warm front, where 
surface temperatures are at, or just below, freezing; under 
these conditions, rain becomes super-cooled and freezes 
upon impact with cold surfaces (Irland, 2000). Ice storms 
often have a large spatial extent and may catalyse other 

types of forest disturbance. For example, ice storm mor-
tality and weakening of trees promoted bark beetle popu-
lations (de Groot et al., 2018). The relationship between 
damage severity, topography and forest type was found 
to be significant at the watershed scale (Isaacs et al., 
2014). Trees with narrow crown, coarse branching, strong 
branch attachments or low surface area have greater re-
sistance to damage from ice storms (Hauer et al., 1994). 
Research on the effects of ice storms on forest hydrology 
is very limited. A sole case study conducted in the Hub-
bard Brook Experimental Forest to monitor the impacts 
of the 1998 ice storm on hydrology and biogeochemistry 
found that stream discharge was not significantly altered, 
while the NO

3
 loss to drainage waters was most apparent 

(Houlton and Driscoll, 2011). 

4.2.2 Hydrological Effects of Human-Driven 
Forest Changes

4.2.2.1 Silviculture

Specific growing conditions and silvicultural practices 
have an important bearing on the hydrology of forested 
watersheds. Managed and unmanaged forests vary with 
respect to stand density (stems per hectare), tree age dis-
tribution (rotation lengths), tree species, stand manage-
ment practices (weeding, pruning, thinning, etc.) and tree 
health (du Toit et al., 2014). 

Diversity of species

Opportunities to actively manage water use by forests de-
rive from the fact that tree species vary in their use of 
water from different soil depths or at different times of 
year (Moore et al., 2011a; Kerhoulas et al., 2013). For-
est stands of mixed species display complementary water 
resource utilisation and may have higher water use effi-
ciency in both temperate and tropical climates (Forrester, 
2015; Schwendenmann et al., 2015). Such complementa-
ry water resource utilisation suggests that mixed-species 
forests may be more resilient to drought. In dry regions, 
management actions that maintain or create low-density 
stands of large, deeply-rooted trees increase tree access to 
water from winter precipitation stored in deep soil layers 
(Kerhoulas et al., 2013). The effects of species and leaf 
area on stand level water use may be countered by dif-
ferences in soil moisture and nutrient status among sites 
(Moore et al., 2011a). 

Age

Water use by individual trees in forest stands increases 
from the seedling stage to the closed canopy stage (Scott 
and Smith, 1997; Dye and Bosch, 2000), but stand-lev-
el transpiration appears to decline in old-growth native 
forests or mature plantations (Scott and Prinsloo, 2008). 
Tree age has the greatest effect on differences in water 
use with young forest stands using much more water than 
old-growth forest stands, followed by differences in basal 
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area and finally species composition (Moore et al., 2004). 
Transpiration is more strongly coupled to streamflow 
when soils are wet, but transpiration may produce lagged, 
diel variations in streamflow during dry seasons (Moore 
et al., 2011b). 

Very few studies have attempted to scale tree and 
forest-stand water use to the watershed. At the watershed 
scale, native forest stands of old-growth trees use more 
water in the wet season, thus mitigating floods, while si-
multaneously using less water during dry periods, com-
pared to closed-canopy managed forests of native tree 
species (Jones, 2000; Jones and Post, 2004). Because 
of high water use by young, densely-spaced trees, for-
est plantations of native tree species aged 25 to 45 years 
produce persistent dry-season streamflow deficits ex-
ceeding 50% relative to native old-growth forests (Perry 
and Jones, 2017). In addition, vegetation cover transition 
can greatly affect evapotranspiration and consequently 
long-term water balance responses at the watershed scale 
(Naranjo et al., 2011). Overall, the landscape scale effects 
of forest cover and management on hydrology depend 
upon the spatial arrangement of forest stands, which vary 
in age, density and species composition. 

Thinning

Studies of how forest stand conditions (density, species, 
age) affect water use are typically conducted at the scale 
of individual trees or small forest stands. Stand-level 
transpiration is higher in stands with greater stem den-
sity (e.g., Whitehead et al., 1984). Thinning reduces in-
terception and transpiration, and consequently increases 
soil moisture and leaf water potential. It also increases 
water availability benefitting growth of dominant trees 
(Nnyamah and Black, 1977; Bréda et al., 1995; Lechuga 
et al., 2017). However, thinning can increase soil evapora-
tion due to more exposure of soil surface after thinning, 
which may partially offset the water saving from thinning. 
In general, canopy conductance (stand level transpiration) 
increases with leaf area when soil moisture is not limit-
ing, but vapour pressure deficit and soil moisture deficits 
can limit transpiration (Granier et al., 2000). 

Harvesting

Timber harvesting removes trees and causes substan-
tial changes in evapotranspiration which in turn alter 
water yield from a watershed (le Maitre et al., 2015). 
Various literature reviews based on experimental stud-
ies of small paired-watersheds have shown that har-
vesting operations reduce evapotranspiration and con-
sequently increase annual streamflow (e.g., Bosch and 
Hewlett, 1982; Andréassian, 2004; Brown et al., 2005), 
even though there are large variations in changing mag-
nitudes of streamflow. Several recent reviews based on 
large watersheds (Li et al., 2017) or both small and large 
watersheds (Zhang et al., 2017) also reach similar con-
clusions. 

Timber harvesting can significantly alter other com-
ponents of streamflow (Li et al., 2018; Zhang and Wei, 

2013). For example, in northwest North America, forest 
harvesting increased large flood events, and the effects 
persisted for multiple decades (Jones and Grant, 1996; 
Jones, 2000; Moore and Wondzell, 2005). Forest roads 
shorten flow path lengths and advance peak flow timing 
in steep forest lands, permanently modifying streamflow 
response (La Marche and Lettenmaier, 2001; Wemple 
and Jones, 2003). Forest harvest affects snow accumu-
lation and melt, which in turn increases the magnitude 
of extreme rain-on-snow floods (Harr, 1986; Jones and 
Perkins, 2010), and associated landslides, which reduce 
water quality (Wemple et al., 2001). 

4.2.2.2 Plantations 

Plantation forests are becoming increasingly common 
and represent approximately 7% of the world’s total for-
est area (Payn et al., 2015; FAO, 2015). Highly managed 
conditions, which include stand fertilisation, thinning, 
regular tree spacing, genetically improved growing stock, 
controlled burning and other practices, are designed to in-
crease the growth rate and wood quality (Fox et al., 2004). 
Management practices increase growth by maximizing leaf 
area and growth efficiency (Waring, 1982). Increased leaf 
area can increase water demand by trees (Scott et al., 2004).

Numerous studies, many in the form of paired catch-
ment experiments, have shown conclusively that planta-
tions of introduced fast-growing tree species generally 
consume more water than natural vegetation types such as 
native forests, grasslands or shrublands, and thus reduce 
water yield (streamflow) from reforested/afforested catch-
ments (Bosch and Hewlett, 1982; Farley et al., 2005; Jack-
son et al., 2005; Amazonas et al., 2017). This has led to a 
focus on the ‘blue’ versus ‘green’ water trade-off (Calder et 
al., 2007; Cristiano et al., 2015). Zhang et al. (1999, 2001) 

Pine plantation in South Africa 

Photo © Mark Gush
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illustrated how the range of evapotranspiration from 
grasslands differed relative to that of a plantation forest, 
along a rainfall gradient. The case of Eucalypts in South 
Africa has been particularly well studied (Dye and Vers-
feld, 2007; Scott and Prinsloo, 2008), and induced specific 
policy responses (see Chapter 7). In spite of higher water 
consumption, plantation forests with higher productivity 
may have greater water use efficiency (WUE) (Gyenge 
et al., 2008). However, Moore et al. (2011) showed that 
site condition is the most important factor for WUE in 
monoculture and mixed-species Douglas-fir (Pseudot-
suga menziesii) and red alder (Alnus rubra) stands. Es-
timation procedures to compare the expected impact of 
plantation forestry against a baseline of natural vegetation 
have been developed in South Africa (Gush et al., 2002; 
Gush, 2010), and similar calculations have been used 
to estimate effects of removal of invasive exotic species 
from riparian zones (Dzikiti et al., 2016) and expanding 
rubber plantations in SE China (Guardiola-Claramonte et 
al., 2010).

Monoculture plantations also have less biodiversity 
compared to natural stands (Brockerhoff et al., 2008) 
which can increase the risk of episodic insect and disease 
outbreaks, or fire that can threaten the health of the entire 
stand (Mitchell et al., 1983; McNulty et al., 2014). While 
complete stand or catchment mortality can significantly 
increase stream flows, tree mortality may also decrease 
water quality (Hibbert, 1965; Swank et al., 2001). 

4.2.2.3. Forestation 

Forestation (used here as a generic term to reflect any 
increase in tree cover, regardless of methods applied 
on prior land use), depending on what it replaces, the 
species used and the approach taken, can contribute to 
improving water quality and quantity. For example, in 
the northeastern United States, much of the Allegheny 
Mountain range was harvested in the early 20tth century 
(Cleland, 1910). This loss of forest area drove both an 
increase in streamflow and a severe deterioration of wa-
ter quality. Having recognised the forest area problem, 
much of the region was placed under strict protection 
to encourage restoration (natural regeneration) and pro-
hibit cutting. A century later, the region is now again 
covered in mature forest and supplies New York City 
with some of the highest quality drinking water in the 
US (NY EPA, 2015). More recently, China implemented 
a ‘Greening China’ initiative (Box 4.2). Over a decade, 
tens of millions of ha of forest were planted to stabilise 
soil and improve drinking water standards (Cao et al., 
2011). An adverse side effect of this practice has been 
reductions in groundwater tables in areas of planted for-
est and competition between farmers and foresters for 
limited water resources (Cao et al., 2011). Policymak-
ers thus need to choose between the benefit of reduced 
dust storms with revegetation, and reduced water avail-
ability. Reforestation serves as a robust control of both 
water quantity and quality, but the choice of species and 
methods, and clarity of objectives are essential to overall 
success (Mansourian et al., 2017). 

4.2.2.4 Agroforestry

Agroforestry can significantly improve water infiltration, 
water productivity and nutrient status (Ong et al., 2014; 
Zomer et al., 2016). Tree litter enhances soil organic matter 
content, which in turn increases soil water holding capacity, 
offsetting the higher water use of the trees and the crops 
(Mutegi et al., 2008). Since trees and annual crops draw 
most of their water from different layers of soil, there is 
rarely direct competition (Bayala et al., 2008). Agroforestry 
systems can redistribute soil water belowground and along 
slopes (Wu et al., 2017). Trees on farms can mitigate the 
effects of weather extremes on crops such as droughts, heat 
waves and heavy rain. The tree roots in agroforestry sys-
tems are also able to take up nitrogen, phosphorus and pes-
ticide residues, as well as heavy metals, and therefore im-
prove groundwater and downstream water quality (Pavlidis 
and Tsihrintzis, 2018). The tree components of agroforestry 
systems stabilise soils against landslides, raise infiltration 
rates to limit surface flow during the rainy seasons and in-
crease groundwater release during the dry seasons, which 
can help crops to cope with drought and flood risks under 
future climate change (Ma et al., 2009; van Noordwijk et al., 
2015). Appropriate agroforestry species can provide fodder 
and shade for animals while providing organic fertilisers for 
annual crops during the rainy season (Boffa, 1999). 

Reforestation/afforestation 
programmes in China 
Large-scale deforestation before the 1980s in China 
had caused serious environmental problems includ-
ing significant soil erosion, decline of land productivity, 
severe loss of wildlife habitat and biodiversity and various 
environmental hazards (e.g., floods, droughts, sandstorms) 
(Ran et al., 2013). In order to improve environmental 
conditions and relieve poverty, China has launched a 
series of major ecological stewardship programmes 
since the 1980s (Ran et al., 2013; Zheng et al., 2016). The 
large-scale flood occurring in the Yangtze River basin in 
1998 (Wei et al., 2008) acted as a further wake-up call to 
China to recognise the importance of forest protection 
and reforestation. These stewardship programmes include 
the Natural Forest Protection Programme, the Grain 
for Green Programme, the Beijing and Tianjin Sandstorm 
Source Control Programme, the Three North and the 
Yangtze River Basin Shelter Forestation Programme and 
the Grassland Restoration Programme (Ran et al., 2013; 
Zheng et al., 2016). Recently, to combat climate change 
impacts, China has pledged to raise forest cover to 20% 
through the afforestation of 40 million hectares by 2020, 
while increasing timber volume by 1.3 billion m³ concern-
ing 2005 levels (Ahrends et al., 2017). The implementation 
of all those programmes has increased forest cover signif-
icantly while having positive environmental consequences 
(e.g., reduced soil erosion and sediments, increased 
carbon stocks, improved flow patterns) in China (Ran 
et al., 2013). The country has also derived some relevant 
lessons regarding the application of inappropriate tree 
species in some locations facing water shortages, as those 
resulted in a reduction of streamflow and groundwater 
levels, and eventually caused tree dieback (Xu, 2011). 

Box
4.2
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4.2.2.5 Urban and Peri-Urban Forestry

The majority of the global population now lives in cit-
ies, at 54.5% in 2016, and typically reaching around 
80% in developed nations (United Nations, 2016). The 
global number is expected to reach 60% by 2030, with 
the large majority of that population growth occurring in 
Asia and Africa in rapidly expanding cities (United Na-
tions, 2016). This represents a dramatic demographic 
change from a population that was just 10% urban at 
the start of the twentieth century. While cities only rep-
resent approximately 3% of the terrestrial surface of the 
planet, they have global environmental effects (e.g., car-
bon emissions) and place high demands for ecosystem 
services within cities (e.g., recreation), adjacent to them 
(e.g., water supply), and across the world (e.g., food, con-
sumer goods) (Millennium Ecosystem Assessment, 2005; 
Grimm et al., 2008). Perhaps the most substantive adverse 
effects of urbanisation on water quality and quantity are 
due to the increased amount of impervious surface cover 
in urban watersheds (Shuster et al., 2005).

The ecosystem services provided by urban for-
ests and peri-urban forests have been the subject of a 
growing body of research (e.g., Vailshery et al., 2013; 
Duinker et al., 2015; Sanusi et al., 2017). One of the key 
ecosystem functions and services that urban trees and 
forests perform is the attenuation and infiltration of ur-
ban stormwater during precipitation events. Trees in cit-
ies mitigate stormwater runoff in three ways: physically, 
by intercepting and holding rainwater in their leaves and 
branches; chemically, through transpiring and reducing 
soil moisture (Chang and Li, 2014); and by increas-
ing soil porosity mechanically though root expansion 
and movement (Bartens et al., 2008). For example, in 
the US, trees save municipalities approximately USD 
400 billion a year by reducing total volumes of water 

destined for treatment and the need for grey infrastruc-
ture (e.g., pipes) and stormwater retention (Lerner and 
Poole, 1999). In addition to cost savings, trees improve 
urban water quality by reducing sediments and particu-
late pollution (Sanders, 1986). 

Municipalities are looking to green infrastructure so-
lutions that combine built environments with vegetation 
(Seitz and Escobedo, 2011). For instance, bioretention 
installations, permeable pavements, and structural soil 
cells are increasingly using technologies for stormwater 
management that also provide sufficient soil volumes 
and irrigation for trees (Scholz and Grabowiecki, 2007; 
Ow and Ghosh, 2017). Such urban greening initiatives 
help to simultaneously provide necessary conditions to 
establish and grow trees in difficult urban settings while 
also mitigating the adverse effects of urbanisation on 
hydrological processes. Sustainably-managed urban and 
peri-urban forests also represent green infrastructure 
that can play a central role in helping cities to adapt to 
the changing climate (Brandt et al., 2016).

4.3 Anticipated Changes to Forests, 
Hydrology and Partitioning for the 
Local and Global Scales

4.3.1. Climate Change and Future Forest 
Hydrology

Climate change will likely lead to an intensification of the 
hydrologic cycle in places where vegetation water use is 
currently energy-limited, but can elsewhere lead to a net 
drying effect (Huntington, 2006; Cook et al., 2014; Burt 
et al., 2015). More extreme precipitation regimes will 
imply a greater need for the flow-modulating effects of 
vegetation (Knapp et al., 2008), with flood probabilities 
increasing. Climate change may also alter forest structure 
and species composition, and forest cover may extend to 
higher elevation (see Box 4.3), which may mitigate or ex-
acerbate direct effects of climate change. 

Rising atmospheric CO
2  concentrations can increase 

forest growth and may increase evapotranspiration 
(Wramneby et al., 2010) particularly in regions where 
there is no significant water or nutrient shortage (Hol-
tum and Winter, 2010). However, rising atmospheric 
CO

2 concentrations can also induce a partial closure of 
vegetation stomata and thus suppress evapotranspiration 
and increase runoff (Gedney et al., 2006). The effects of 
rising atmospheric CO

2 concentrations on evapotranspira-
tion, tree growth and runoff are debated (Hickler et al., 
2008; Norby et al., 2010; Norby and Zak, 2011; Silva and 
Anand, 2013). 

At the same time, forests are important for sequester-
ing atmospheric CO

2. 
Many studies have shown that old-

growth forests and old trees can continue to accumulate 
carbon in vegetation and in soils, while harvesting old-
growth forests results in net carbon release (Harmon et 
al., 1990; Zhou et al., 2006; Luyssaert et al., 2008; Ste-
phenson et al., 2014). 

Coffee is a commodity of the Wae Rebo people in East Nusa 
Tenggara, Indonesia. Their coffee plants are directly adjacent to 
natural forests

Photo © Aulia Erlangga/CIFOR
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On a global scale, evapotranspiration rose from 1982 
to 2008 (Jung et al., 2010), although the changes in evap-
otranspiration are variable among regions. The southern 
hemisphere – especially in most parts of Australia, East 
Africa and South America – saw a reduction in evapotran-
spiration while regions such as China and southern India 
are characterised by increasing evapotranspiration (Jung 
et al., 2010). Factors including soil moisture, stomatal 
closure resulting from rising CO

2
 concentrations, land-

use change, or declining wind speed all may cause evapo-
transpiration changes (Piao et al., 2007; McVicar et al., 
2012; Rowland et al., 2015). It is important to distinguish 
the effects of climate change versus land use change on 
hydrology (Box 4.4). 

Extreme drought is associated with water stress and 
tree mortality (Bréda et al., 2006). Trees respond to 
drought by shifting the allocation of carbon from foliage 
to roots (Doughty et al., 2014). Drought also influences 
the hydrologic function of the soil (Gimbel, 2016). Forest 
die-off from drought and heat stress has occurred around 
the world and is expected to increase with climate change 
(Anderegg et al., 2013). In northern and western Europe, 
where soil moisture may not be limiting, increased atmos-
pheric CO

2
 concentrations and warmer temperatures are 

expected to increase forest growth, whereas in southern 
and eastern Europe increasing drought and fire risks are 
expected to reduce forest productivity (Lindner et al., 
2010). In southern European forests, progressive crown 
defoliation occurred from 1987 to 2007 apparently in re-
sponse to increased water deficit (Carnicer et al., 2011). 
It has been argued that tall trees of old-growth forests are 
at the greatest risk of mortality due to moisture stress 
(McDowell and Allen, 2015). However, in unmanaged 
old forests in the western US, non-catastrophic mortality 
rates increased rapidly in recent decades, targeting small 
trees (van Mantgem et al., 2009).

Analyses of long-term records at 35 small watersheds 
(0.01 to 1 km2) in the US and Canada indicate that climate 
change effects on streamflow are not as clear as might be 
expected, apparently because of ecosystem processes and 

Overview of tools available for 
separating climate and land 
use change as drivers of hydrological 
change
Forest change (or land cover change) and climatic vari-
ability are two major drivers that influence change in 
watershed hydrology in forest–dominated watersheds. 
Quantifying their relative contributions is important to 
fully understand their individual effects, particularly in 
large watersheds or landscapes and various tools have 
been developed in the past few decades. After reviewing 
several studies, Wei et al. (2013) suggested eight methods 
for separating relative contributions of climate and land 
cover change to annual streamflow. These techniques 
can be broadly classified into statistical and modelling 
categories. They include hydrological modelling, trend 
analysis, double mass curves, quasi-paired watershed 
method, sensitivity-based approach, simple water bal-
ance, time trend method and Tomer-Schilling framework. 
Because each method or technique has its own strengths 
and weaknesses, combining two or more methods is 
a more robust approach than using any single method 
alone (Wei et al., 2013). Some studies include ‘engineering 
measures’ as additional explanatory factors beyond land 
cover change (degradation or restoration) and climate 
variability (Ma et al., 2014).

The majority of the above-mentioned methods is ap-
plied on an individual watershed (particularly large-sized 
watersheds: >1000 km2) where long-term climatic and 
hydrological data are available. Interestingly, separating 
relative contributions is rarely done in paired watershed 
experimental (PWE) studies where the exclusive focus is 
on assessing the effects of forest changes on hydrology. 

Box
4.4Potential impact of rising  

treelines on water resources
One observable result of global warming has been the 
northward (in the northern hemisphere) and upward 
shift of tree lines in many mountain areas, and in eco-
tones ranging from tropical rainforest to alpine regions 
(Gehrig-Fasel et al., 2007; Pennisi, 2013; Carboni et al., 
2018). However, there have been comparatively few 
studies that have specifically addressed the potential 
impact of climate change on water resources, coupled 
with rising treelines (Koeplin et al., 2013). Shifting tree-
lines may have unexpected impacts on the watershed. 
Koeplin et al. (2013) found that in the Swiss Alps, in-
creased forest cover due to rising treelines had a minor, 
but seasonally variable effect on evaporation and soil 
moisture, and a negligible effect on annual run-off. Their 
study suggested that all water balance components 
were primarily determined by glacial melt and climate 
change. These findings are opposed to the ones of Duan 
et al. (2017), in the slopes of the Da Hinggan mountains 
of Northeast China, where changes in forest cover and 
shifts in tree species were more important than perma-
frost thaw or climate change in regulating water supply. 
In fact, the interactions with retreating glaciers may even 
lead to counterintuitive consequences such as increased 
forest fires driving a downwards shift of the treeline on 
Mount Kilimanjaro (Hemp, 2005). 

Such interactions are likely to be location and species 
specific. For example, if winter tundra is invaded by a 
deciduous forest, there will be minimal changes in the 
albedo. However, its conversion to coniferous forest 
could potentially exacerbate global warming, due to 
both their intrinsically low albedo and interaction with 
snow cover. Whereas snow remains on the ground 
in both treeless areas and deciduous forests, it melts 
under conifers. Expansion of a coniferous treeline could 
impact water resources, raise global temperatures – and 
thus lead to a further upward march of global treelines 
(Grace et al.. 2002).

Extrapolations from dendrochronological data indicate 
that treelines could rise in elevation by 140 to 700 m 
within a century (Grace et al., 2002). There is thus likely 
to be a major expected impact of expanding forests 
on water resources, but we currently lack sufficient 
evidence in most regions to predict the direction and 
magnitude of these changes.

Box
4.3
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human influences (Jones et al., 2012). Although air tem-
perature increased at 17 out of 19 sites with 20 to 60-yr 
records, climate trends were directly related to streamflow 
trends at only seven sites, and all of these involved changes 
in ice and snow. At other forest sites undergoing warming, 
other factors such as past forest disturbance and forest suc-
cession mimicked, exacerbated, counteracted, or masked 
the effects of climate change (Jones et al., 2012). 

Interannual variability of climate significantly influenc-
es interannual variability of streamflow at forested head-
water sites. For example, in the above-mentioned North 
American dataset (Jones et al., 2012) streamflow was sig-
nificantly correlated with the El-Niño Southern Oscillation 
(ENSO), the Pacific Decadal Oscillation (PDO) and/or the 
Northern Atlantic Oscillation (NAO) at 26 of 30 forested 
headwater reference watersheds. 

Forested sites differ in their sensitivity to interannual 
climate variability. An experimental analysis of long-term 
experimental watersheds in Canada and the US was con-
ducted over 5-year cool and warm periods to test whether 
changes in dryness were associated with consistent re-
sponses of water yield (Creed et al., 2014). Alpine sites, 
whose hydrology was dominated by water stored in snow 
and ice, showed the greatest sensitivity to warming, and 
any warming led to increased water yields. 

These studies indicate that forest dynamics, including 
legacies of past disturbance and forest management, as 
well as forest succession, produce a wide range of forest 
hydrologic responses to climate change at individual sites. 
For example, in the northern hardwood forest of Hubbard 
Brook (US), climate change effects on ecosystem structure 
and function, and hydrology appear to be modified by in-
teractions with a spatially variable history of land use and 
a wide range of current human activities and concurrent 
environmental changes (Groffman et al., 2012). At Hub-
bard Brook, both air temperature and precipitation have 
increased, but winter precipitation has increased less. As 
a result of reduced snowpack accumulation, snowmelt-
induced peak flows in spring have declined (Campbell et 
al., 2011) and have occurred earlier (Hamburg et al., 2013). 
In contrast, both winter and summer streamflows have in-
creased. In winter, the increase is due to reduced storage of 
precipitation in the snowpack, whereas in summer (typi-
cally a low-flow season), streamflow has increased due 
to increasing precipitation and declining evapotranspira-
tion (which has shown slight but significant declines since 
1959). The cause of the decline in forest evapotranspiration 
is not known but may result from changes in vegetation 
composition, structure, or productivity, or forest response 
to increasing atmospheric carbon dioxide concentrations, 
or other factors (Groffman et al., 2012).

In mixed oak-hickory hardwood forests of the 
southeastern US (Coweeta), forest succession has re-
sponded in unexpected ways to long-term changes in 
climate, perhaps reflecting long-term forest responses 
to burning, grazing, and logging more than one hun-
dred years ago. At Coweeta, air temperature, drought 
severity, and precipitation extremes have increased 
since the late 1970s (Laseter et al., 2012). Annual wa-
ter yield increased by as much as 55% from 1938 to the 

mid-1970s in some watersheds, which were undergo-
ing forest succession after logging in the early 1900s 
(Caldwell et al., 2016). However, from the 1970s to 
2013, water yield declined by 22%, associated with a 
shift in dominance from xerophytic oak and hickory 
tree species to mesophytic tree species including red 
maple (Acer rubrum) and tulip poplar (Liriodendron 
tulipifera) (Caldwell et al., 2016).

Forest vegetation succession provides strong nega-
tive feedbacks that make permafrost resilient to even 
large increases in air temperatures. However, as seen 
in boreal forests of Alaska, climate warming is asso-
ciated with reduced growth of dominant tree species, 
plant disease and insect outbreaks, warming and thaw-
ing of permafrost, drying of lakes, increased wildfire 
extent, and increased post-fire recruitment of decidu-
ous trees. These changes have reduced the effects of 
upland permafrost on regional hydrology (Chapin et 
al., 2010). Surface water, in contrast, provides positive 
feedbacks that make permafrost vulnerable to thawing 
even under cold temperatures (Jorgenson et al., 2010). 
In watersheds with low permafrost, base flow is higher, 
and annual water yield varies with summer tempera-
ture, whereas in watersheds with high permafrost, an-
nual water yield varies with precipitation (Jones and 
Rinehart, 2010). With climate warming and loss of 
permafrost, stream flows will become less responsive 
to precipitation and headwater streams may become 
ephemeral (Jones and Rinehart, 2010). 

4.3.2. Forest Management, Forest Cover 
Changes and Future Forest Hydrology

Anticipated future changes in forest cover and forest 
management are diverse. They may include expansion of 
intensive plantations, expansion of agriculture, selective 

Mirror Lake near Hubbard Brook Experimental Forest  
(West Thornton, New Hampshire, US)

Photo © Richard Guldin, GuldinForestry.com
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logging, loss of riparian forest, and loss of urban trees 
(see Chapter 6). Deforestation has been high, especially 
in the tropics, since records of global forest cover began. 
From 2000 to 2012, globally 2.3 million km2 of forest 
were lost, and 0.8 million km2 of new forest were gained 
(Hansen et al., 2013). Intensive forestry practised within 
subtropical forests resulted in the highest rates of forest 
change globally (Hansen et al., 2013). Boreal forest loss 
due largely to fire and forestry was second in absolute and 
proportional terms. 

4.3.3. Changes in Natural Disturbance Re-
gimes and Future Forest Hydrology
Anticipated future changes in forest disturbance re-
gimes include more wildfire, more frequent and intense 
storms, and spatial changes in insect/pathogen out-
breaks. Disturbances from wind, bark beetles and wild-
fires have increased in Europe’s forests throughout the 
twentieth century (Schelhaas et al., 2003). For example, 
the mountain pine beetle outbreak in British Columbia 
(Canada) produced changes in carbon cycling equivalent 
to approximately 75% of the average annual direct for-
est fire emissions from all of Canada during 1959–1999 
(Kurz et al., 2008). Climate change is expected to inter-
act with forest disturbance regimes (Dale et al., 2001). 
Models predict a lengthened fire season, and significant 
increases in the area experiencing high to extreme fire 
danger in both Canada and Russia (Stocks et al., 1998). 

4.3.4. Forest Succession and Future Forest 
Hydrology
Anticipated future forest succession processes will in-
clude changes in forest age, structure and species com-
position that may increase or reduce water yield and 
water storage. Hydrologic responses to drought can be 
either mitigated or exacerbated by forest vegetation de-
pending upon vegetation water use and how forest popu-
lation dynamics respond to drought (Vose et al., 2016). 
Current species distribution models of forests cannot ac-
curately predict changes in species composition (Scher-
rer et al., 2017). Tree species differ in canopy- and leaf-
level stomatal conductance response to vapour pressure 
deficit, so ecophysiological differences, as well as struc-
tural differences among species influence evapotranspi-
ration (Ford et al., 2011).

4.3.5. Anticipated Changes in Water Partition-
ing from the Local to the Continental Scale
Deforestation tends to increase runoff, and re- or affores-
tation decreases runoff (Li et al., 2017). Tropical defor-
estation results in warmer, drier local conditions (Law-
rence and Vandecar, 2015). Climate model simulations of 
Amazonia indicate that deforestation was associated with 
reduced rainfall (Spracklen and Garcia-Carreras, 2015). 
Forest cover in Amazonia was not correlated with precipi-
tation at the local scale (1 to 15 km) but it was positively 
correlated with measured precipitation at the regional 

scale (30 to 50 km) (Debortoli et al., 2017). Thus, in re-
gions where precipitation is declining, forest thinning or 
reductions in forest cover may help counteract declining 
runoff. Such approaches may also reduce evaporation 
and, perhaps, regional precipitation, but little is known of 
these potential effects.

Climate change implies an increased need for hydro-
logical resilience in our landscapes (e.g., limiting floods 
and withstanding drought) (e.g., Hatcher and Jones, 2013). 
Forest succession may reduce floods and resist droughts, 
but human and natural disturbance and ongoing climate 
change continually alter forest hydrology. Under such cir-
cumstances, forest management for the future should focus 
on managing in the face of uncertainty (Millar et al., 2007). 
Forest hydrology will continue to respond to multiple sys-
tem drivers of change. Therefore, decisions should not be 
based on expected responses to single factors (Lindner et 
al., 2014). The varied responses of forests and forest hy-
drology to change over the past 50-100 years underscore 
the importance of incorporating stochastic variability into 
projections of future ecosystem condition (Daniel et al., 
2017). Benefits of multi-aged management systems that 
maintain a large proportion of retained mature trees while 
using thinning to create spatial heterogeneity and enhance 
structural and compositional complexity are to be appreci-
ated (D’Amato et al., 2011). 

4.4 Data Needs and Knowledge Gaps
Research is urgently needed on a variety of topics. 
These include basic data on runoff and precipitation in 
ungauged watersheds, making data publicly accessible, 
and improving models and data products. 

There is a general lack of hydrological and meteoro-
logical monitoring, particularly in developing countries. 
Increasingly, studies are based on remotely-sensed data 
and process-based models, with insufficient calibration 
or validation as reliable groundtruthed data are scarce. 
The intricate linkages between terrain, climate, forest 
conditions, disturbances (either natural or human-made) 
and hydrological processes often prevent adequate trans-
ferability of findings from well-studied watersheds to 
those with limited data. In many cases, empirical mod-
els of hydro-ecological interactions cannot be extended 
outside the site where they were created (Kimmins et al., 
2010). There is also a widespread lack of measurements 
of isotopes of water, which are central to estimates of 
water residence times in soil, vegetation, rivers and the 
atmosphere. The distinction between ‘data’ and ‘models’ 
is increasingly blurred, as the interpretation of any meas-
urement is itself dependent on ‘models’, with model as-
sumptions often less explicit than would be desirable. 
The toolbox for exploring trees as history books (Box 
4.5) and using isotopes to reconstruct water sources for 
plant production offers hope that past changes in data 
scarce areas can still be unravelled (Box 4.6).

Improved sharing of data relevant to forests and wa-
ter would greatly enhance research and related policy 
discussions. Repositories that archive and make freely 
available data on precipitation and runoff are rare. One 
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valuable example is the Climate and Hydrology Data-
base Projects (CLIMDB/HYDRODB), https://climhy.
lternet.edu, supported jointly by the US Forest Service, 
US Geological Service, and US National Science Foun-
dation’s Long-Term Ecological Research programme.

The fraction of local precipitation that is derived 
from terrestrial sources (and as such dependent on up-
wind land use change), as well as the fraction of local 
evapotranspiration that will return as rainfall over land 
rather than over oceans varies from 0 to nearly 100%, 
depending on location (Box 4.6). This location-depend-
ence is a major challenge for those who seek generic 
(place-independent) truths, as well as for those who 
want to adopt concepts and water-based legislation from 
other locations (see van Noordwijk et al., 2014 for com-
ments on the transfer of South African legislation to East 

Africa in this respect). Given the abundance of current 
studies on the Amazon and indications of the geography 
of atmospheric recycling, studies in Africa (e.g., on the 
role of the Congo Basin; links between White and Blue 
Nile precipitationsheds) and Asia (including precipita-
tion patterns in China) are urgently needed. The relative 
importance of forests vis-à-vis wetlands and irrigation 
agriculture in the time-space patterns of evapotranspi-
ration need to be further clarified. At the mechanistic 
level, the ‘proof of principle’ evidence on rainfall trig-
gering by agents of biological origin (including phyllo-
sphere bacteria, fungal spores and volatile organic com-
pounds) needs to be coupled with inventories of which 
vegetation types and land uses are the major sources 
of atmospheric moisture, across the main ‘prevailing 
winds’ patterns of the world. 

Trees as history books reflecting past climate variability
Tree rings provide a valuable archive of past climate, and have also been widely used to reconstruct hydrol-
ogy. Tree rings form the basis for multi-century reconstructions of precipitation, temperature and river discharge. They 
have also been used to understand historical dynamics of the water table, and to reconstruct flood history using the 
dating of flood scars on trees (Gottesfeld and Gottesfeld, 1990). Such reconstructions provide valuable baselines for 
understanding recent hydrological events and trends, and inform water management strategies that rely on understanding 
the natural variability in precipitation, streamflow and flood frequency.

The recent (2017) extreme California drought was widely reported in the media, and resulted in significant socioeco-
nomic impacts, notably for irrigation-based agriculture. However, short instrumental records made this event difficult 
to place in a broader context. The development of long tree-ring-based reconstructions of drought, precipitation and 
snowpack have been used to demonstrate that this drought event was exceptional in nature (Griffin and Anchukaitis, 
2014; Belmecheri et al., 2016). For example, long tree ring chronologies from blue oak trees revealed that the 2015 re-
cord low was not only exceptional in terms of the observational record, but was unprecedented over the last 500 years 
(Belmecheri et al., 2016). However, this extreme drought was not just the result of low precipitation linked to ENSO, 
as was popularly reported. Combining independent tree-ring-based reconstructions of precipitation and temperature, 
Griffin and Anchukaitis (2014) showed that the precipitation anomalies associated with the drought were unusual, but 
not exceptional in the context of the last 1,200 years. Instead, tree-ring-based analysis revealed that the recent extreme 
drought resulted from the combination of low precipitation and record high temperatures. Higher temperatures increase 
evapotranspiration, exacerbating precipitation deficits and are also associated with record low snowpack depths in the 
Sierra Nevada mountains (Belmecheri et al., 2016). 

In Africa, a recent dendrochronology study in the Blue Nile established a 360 year climate record for an area where 
other data are scarce (Mokria et al., 2017). The ring-width chronology captures climate signals across the whole northern 
Ethiopian highlands and parts of the Sahel belt. This dataset confirms the existence of large-scale atmospheric telecon-
nections to dry/wet changes with substantial geopolitical consequences: land cover change in country A affects rainfall in 
countries B and C through changes in the recycling of atmospheric moisture from evapotranspiration. The chronology 
highlights inter-annual, decadal and multi-decadal variations in large scale atmospheric circulation patterns and telecon-
nections. 

In addition to studies that have used paleoclimatic reconstruction to understand hydrologically relevant climate variables, 
other tree-ring based reconstructions have focused directly on streamflow. Understanding natural streamflow variability 
is important where this resource is used as part of socioeconomic activity. For example, in British Columbia (Canada) 
small mountain catchments are used for hydropower generation, agriculture and underpin an important local salmon fish-
ery industry. However, historical river gauge data extends to only a few decades. This potentially limits the effectiveness 
of water management strategies, which rely on accurate data on natural variability in streamflow. Coulthard et al. (2016) 
used a multi-century tree-ring-based reconstruction of summer streamflow to demonstrate that while recent streamflow 
droughts had important socioeconomic impacts in British Columbia, they were not unusual in a historical perspective, 
and 16 other identified events since 1658 were more severe than any event recorded in the instrumental period. Analysis 
of the reconstruction indicated that extreme droughts occur, on average, more regularly in these catchments than would 
be indicated by an analysis of the shorter instrumental records. This example illustrates how the management of water 
resources at the catchment level can be aided by a more complete understanding of natural streamflow variability, recon-
structed using tree-ring chronologies.

Box
4.5

https://climhy.lternet.edu
https://climhy.lternet.edu
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4.5 Conclusions

Changes in forest (due to both natural disturbance and 
human activities) affect how incoming precipitation is 
partitioned between evapotranspiration and streamflow. 
In a recent global assessment (Wei et al., 2017) forest 
changes explained, on average, 30% of annual streamflow 
variations. Any future global water resource assessment 
requires consideration of climate, vegetation and their in-
teractions. 

Natural disturbance such as wildfire, insect pests, 
diseases, windthrow, etc. can greatly change various wa-
tershed processes and ecological functions in forested 
watersheds. Although natural disturbance is part of the 
dynamics of forest ecosystems, catastrophic forest distur-
bance (e.g., stand-replacing wildfire or large-scale insect 
pest outbreaks) can cause undesired ecological and eco-
nomic consequences.

Human-driven changes include silviculture, agrofor-
estry, plantation forestry, restoration and urban and peri-
urban forestry. Native forests provide more sustained 
water yield compared to managed forest plantations. 
Re-establishment of forests may enhance sustained water 
yield, but effects vary depending on site conditions, and 
may require years to decades to be detectable. The role of 
forests in hydrological regimes and associated watershed 
functions varies among the regions of Earth.

Climate change is altering hydrological processes di-
rectly, and is affecting forests, thereby altering hydrology 
indirectly. Climate change may also alter forest structure 

and species composition, which may mitigate or exacer-
bate direct effects of climate change. Forest dynamics, 
including legacies of past disturbance and forest manage-
ment, as well as forest succession, produce a wide range 
of forest hydrologic response to climate change at indi-
vidual sites.

Forest management for the future should consider 
uncertainty. Decisions should not be based on expect-
ed responses to single factors but rather multiple ones. 
Knowledge of responses of forests and forest hydrology 
to change over the past 50-100 years, highlights the need 
to incorporate stochastic variability into projections of fu-
ture ecosystem condition.

Stable water isotopes and sources of precipitation
Stable water isotopes of oxygen, hydrogen and carbon are valuable tracers of the origin and history of air 
masses. Rozanski et al. (1993) summarise the main processes: the origin of air masses, continental and altitude effects 
and rainfall amounts. The combination of improved measurement and modelling of water vapour isotopic composition 
opens the door to new advances in our understanding of the atmospheric water cycle (Galewsky et al., 2016). Molecular 
differences in common isotopes cause fractionation during most phase transitions: heavier isotopes (HDO) preferentially 
condense, whereas lighter isotopes (H2

16O) preferentially evaporate. Evaporation from the ocean surface and condensa-
tion during transport deplete both the deuterium and oxygen content of water vapour relative to its source (Farquhar et 
al., 2007).

Analysis of the stable isotope composition of precipitation can directly infer the fraction of recycled moisture and can 
even differentiate the precise shares of the transpiration and evaporation components. Isotopic evaluation is based on 
the assumption that the stable isotope composition of the vapour that produces precipitation is an isotopic mixture of 
vapours sourced from advection (convergence of the moisture advected into the region or basin by winds), evaporation, 
and transpiration. Each of these sources has its own unique isotopic composition (Clark and Fritz, 2013). Based on a 
three-component isotopic mixing model, Wang et al. (2016) were able to determine that the proportional contribution 
of recycled moisture relative to local precipitation, at the large oases of Urumqi, China, is approximately 16.2% (surface 
evaporation and transpiration are about 5.9% and 10.3%, respectively). Isotopic fingerprints in atmospheric moisture have 
unambiguously identified rainforest transpiration as the primary moisture source for shallow convection during the dry-
to-wet season transition in the Amazon (Wright et al., 2017). 

Tree rings and their stable isotope analysis can provide supporting evidence for the positive effects of forests on the wa-
ter cycle at micro and larger scales. Williams et al. (2011) measured annual 18O ratios of Juniperus procera from northern 
Ethiopia and found a decline in the proportion of precipitation originating from the Congo Basin during the past half cen-
tury and increasing precipitation variability and drought frequency over the Greater Horn of Africa. Brienen et al. (2012) 
demonstrated that oxygen isotope ratios in tree rings in Tropical Cedrela accurately record the isotopic composition of 
meteoric precipitation during the wet season (δ18Oprec) and a very strong proxy for annual to decadal scale variation in 
the amount of precipitation over the entire Amazon basin and for basin-wide river discharge. The record shows signifi-
cant correlations with δ18O in precipitation in the central and western Amazon and ice cores in the Andes, indicating that 
the interannual variation in δ18O of precipitation contains a spatially coherent signal over large parts of the basin, indicat-
ing water vapour recycling of rainwater by vegetation.

Box
4.6



93

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

References 
Adams, H.D., Luce, C.H., Breshears, D.D., Allen, C.D., Weiler, M., 

Hale, V.C., Smith, A. and Huxman, T.E., 2012. Ecohydrological 
consequences of drought-and infestation-triggered tree die-off: 
insights and hypotheses. Ecohydrology, 5(2), pp.145-159.

Andreassian, V. 2004. Waters and forests: From historical 
controversy to scientific debate. Journal of Hydrology, 291(1) 
p.27. 

Ahrends, A., Hollingsworth, P.M., Beckschäfer, P., Chen, H., 
Zomer, R.J., Zhang, L., Wang, M. and Xu, J., 2017. China’s 
fight to halt tree cover loss. Proc. R. Soc. B, 284(1854), 
p.20162559.

Amazonas, N.T., Forrester, D.I., Oliveira, R.S. and Brancalion, 
P.H., 2017. Combining Eucalyptus wood production with 
the recovery of native tree diversity in mixed plantings: 
Implications for water use and availability. Forest Ecology and 
Management, 418, pp-34-40.

Andela, N., Morton, D.C., Giglio, L., Chen, Y., van der Werf, G.R., 
Kasibhatla, P.S., DeFries, R.S., Collatz, G.J., Hantson, S., 
Kloster, S. and Bachelet, D., 2017. A human-driven decline in 
global burned area. Science, 356(6345), pp.1356-1362.

Anderegg, W.R., Kane, J.M. and Anderegg, L.D. 2013. 
Consequences of widespread tree mortality triggered by 
drought and temperature stress. Nature Climate Change, 3(1), 
pp.30-36.

Attiwill, P.M. 1994. Ecological disturbance and the conservative 
management of eucalypt forests in Australia. Forest Ecology 
and Management, 63( 2–3), pp. 301-346.

Bart, R. R. and Tague, C. L. 2017. The impact of wildfire on 
baseflow recession rates in California. Hydrol. Process, 31, pp. 
1662–73. 

Bartens, J., Day, S.D., Harris, J.R., Dove, J.E. and Wynn, T.M., 
2008. Can Urban Tree Roots Improve Infiltration through 
Compacted Subsoils for Stormwater Management? Journal of 
Environmental Quality, 37(6), pp.2048-2057.

Bayala, J., Heng, L.K., van Noordwijk, M. and Ouedraogo, S.J. 
2008. Hydraulic redistribution study in two native tree species 
of agroforestry parklands of West African dry savanna. Acta 
Oecologica, 34(3), pp.370-378

Bearup, L.A., Maxwell, R.M., Clow, D.W. and McCray, J.E., 2014. 
Hydrological effects of forest transpiration loss in bark beetle-
impacted watersheds. Nature Climate Change, 4(6), p.481.

Belmecheri, S., Babst, F., Wahl, E.R., Stahle, D.W. and Trouet, V., 
2016. Multi-century evaluation of Sierra Nevada snowpack. 
Nature Climate Change, 6(1), p.2.

Biederman, J.A., Harpold, A.A., Gochis, D.J., Ewers, B.E., 
Reed, D.E., Papuga, S.A. and Brooks, P.D., 2014. Increased 
evaporation following widespread tree mortality limits 
streamflow response. Water Resources Research, 50(7), 
pp.5395-5409.

Biederman, J.A., Somor, A.J., Harpold, A.A., Gutmann, E.D., 
Breshears, D.D., Troch, P.A., Gochis, D.J., Scott, R.L., 
Meddens, A.J. and Brooks, P.D., 2015. Recent tree die-off has 
little effect on streamflow in contrast to expected increases from 
historical studies. Water Resources Research, 51(12), pp.9775-
9789.

Boffa, J.M., 1999. Agroforestry Parklands in sub-Saharan Africa. 
FAO Conservation Guide 34. Rome: FAO.

Bond-Lamberty, B.E.N., Peckham, S.D., Gower, S.T. and Ewers, 
B.E., 2009. Effects of fire on regional evapotranspiration in the 
central Canadian boreal forest. Global Change Biology, 15(5), 
pp.1242-1254.

Bosch, J.M. and Hewlett, J.D., 1982. A review of catchment 
experiments to determine the effect of vegetation changes on 
water yield and evapotranspiration. Journal of Hydrology, 55(1-
4), pp.3-23.

Boyette, C., Hoagland, R., Weaver, M. and Stetina, K. 2014 
Interaction of the Bioherbicide Myrothecium verrucaria and 
Glyphosate for Kudzu Control. American Journal of Plant 
Sciences, 5, pp. 3943-3956. 

Brandt, L., Lewis, A.D., Fahey, R., Scott, L., Darling, L. and 
Swanston, C. 2016.  A framework for adapting urban forests to 
climate change. Environmental Science & Policy, 66, pp.393–
402. 

Bréda, N., Granier, A. and Aussenac, G., 1995. Effects of thinning 
on soil and tree water relations, transpiration and growth in an 
oak forest (Quercus petraea (Matt.) Liebl.). Tree Physiology, 
15(5), pp.295-306.

Bréda, N., Huc, R., Granier, A. and Dreyer, E., 2006. Temperate 
forest trees and stands under severe drought: a review of 
ecophysiological responses, adaptation processes and long-term 
consequences. Annals of Forest Science, 63(6), pp.625-644.

Brienen, R.J., Helle, G., Pons, T.L., Guyot, J.L. and Gloor, M., 
2012. Oxygen isotopes in tree rings are a good proxy for 
Amazon precipitation and El Niño-Southern Oscillation 
variability. Proceedings of the National Academy of Sciences, 
109(42), pp.16957-16962.

Brockerhoff, E.G., Jactel, H., Parrotta, J.A., Quine, C.P., Sayer, 
J., 2008. Plantation forests and biodiversity: oxymoron or 
opportunity? Biodiversity and Conservation, 17 (2008), pp. 
925-951.

Brown, A.E., Zhang, L., McMahon, T.A., Western, A.W. and 
Vertessy, R.A., 2005. A review of paired catchment studies for 
determining changes in water yield resulting from alterations in 
vegetation. Journal of Hydrology, 310(1-4), pp.28-61.

Burt, T.P., Howden, N.J.K., McDonnell, J.J., Jones, J.A. and 
Hancock, G.R. 2015. Seeing the climate through the trees: 
observing climate and forestry impacts on streamflow using a 
60-year record. Hydrological Processes 29(3), pp.473-480.

Calder, I.R., Hofer, T., Vermont, S., Warren, P., 2007. Towards a 
new understanding of forests and water. Unasylva 58.

Caldwell, P.V., Miniat, C.F., Elliott, K.J., Swank, W.T., Brantley, 
S.T. and Laseter, S.H., 2016. Declining water yield from 
forested mountain watersheds in response to climate change and 
forest mesophication. Global Change Biology, 22(9), pp.2997-
3012.

Campbell, J.L., Driscoll, C.T., Pourmokhtarian, A. and Hayhoe, 
K. 2011. Streamflow responses to past and projected future 
changes in climate at the Hubbard Brook Experimental 
Forest, New Hampshire, United States. Water Resources 
Research, 47(2).

Cao, S., Sun, G., Zhang, Z., Chen, L., Feng, Q., Fu, B., McNulty, 
S., et. al., 2011. Greening China naturally. AMBIO: A Journal of 
the Human Environment, 40(7), pp.828-831.

Carboni, M., Guéguen, M., Barros, C., Georges, D., Boulangeat, 
I., Douzet, R., Dullinger, S., Klonner, G., Kleunen, M., Essl, F. 
and Bossdorf, O., 2018. Simulating plant invasion dynamics in 
mountain ecosystems under global change scenarios. Global 
Change Biology, 24(1).

Carnicer, J., Coll, M., Ninyerola, M., Pons, X., Sanchez, G. and 
Penuelas, J., 2011. Widespread crown condition decline, food 
web disruption, and amplified tree mortality with increased 
climate change-type drought. PNAS, 108(4), pp.1474-1478.

Cesarano G., Incerti G. and Bonanomi G., 2016. The Influence of 
Plant Litter on Soil Water Repellency: Insight from 13C NMR 
Spectroscopy. PLoS One, 11(3), p. e0152565.

Chang, C.R. and Li, M.H., 2014. Effects of urban parks on the 
local urban thermal environment. Urban Forestry & Urban 
Greening, 13(4), pp.672-681.

Chapin, F.S., McGuire, A.D., Ruess, R.W., Hollingsworth, T.N., 
Mack, M.C., Johnstone, J.F., Kasischke, et al., 2010. Resilience 
of Alaska’s boreal forest to climatic change. Canadian Journal 
of Forest Research, 40(7), pp.1360-1370.

Clark, I.D. and Fritz, P., 2013. Environmental isotopes in 
hydrogeology. Boca Raton: CRC press.

Clark, K.L., Skowronski, N.S., Gallagher, M.R., Renninger, H. and 
Schäfer, K.V.R., 2014. Contrasting effects of invasive insects 
and fire on ecosystem water use efficiency. Biogeosciences, 
11(23), pp.6509-6523.

https://scholar.google.ca/citations?user=seAWEmIAAAAJ&hl=en&oi=sra
https://scholar.google.ca/citations?user=CMPto9gAAAAJ&hl=en&oi=sra
https://scholar.google.ca/citations?user=Zvpvgn4AAAAJ&hl=en&oi=sra


94

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Cleland, H.F., 1910. The Effects of Deforestation in New England. 
Science, 32, pp.82-83.

Collins, R., de Neufville, R., Claro, J., Oliveira, T. and Pacheco, 
A., 2013. Forest fire management to avoid unintended 
consequences: a case study of Portugal using system 
dynamics. Journal of Environmental Management, 130, pp.1-9.

Cook, B.I., Smerdon, J.E., Seager, R. and Coats, S., 2014. Global 
warming and 21st century drying. Climate Dynamics, 43(9-10), 
pp.2607-2627.

Cooper, L.A., Ballantyne, A.P., Holden, Z.A. and Landguth, E.L., 
2017. Disturbance impacts on land surface temperature and 
gross primary productivity in the western United States. Journal 
of Geophysical Research: Biogeosciences, 122(4), pp.930-946.

Coulthard, B., Smith, D.J. and Meko, D.M., 2016. Is worst-
case scenario streamflow drought underestimated in British 
Columbia? A multi-century perspective for the south coast, 
derived from tree-rings. Journal of Hydrology, 534, pp.205-218.

Creed, I.F., Spargo, A.T., Jones, J.A., Buttle, J.M., Adams, M.B., 
Beall, F.D., Booth, E.G., et al., 2014. Changing forest water 
yields in response to climate warming: Results from long-term 
experimental watershed sites across North America. Global 
Change Biology, 20(10), pp.3191-3208.

Cristiano, P.M., Campanello, P.I., Bucci, S.J., Rodriguez, S.A., 
Lezcano, O.A., Scholz, F.G., Madanes, N., et. al., 2015. 
Evapotranspiration of subtropical forests and tree plantations: 
A comparative analysis at different temporal and spatial scales. 
Agricultural and Forest Meteorology, 203, pp.96-106.

D’Amato, A.W., Bradford, J.B., Fraver, S. and Palik, B.J., 2011. 
Forest management for mitigation and adaptation to climate 
change: insights from long-term silviculture experiments. Forest 
Ecology and Management, 262(5), pp.803-816.

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., 
Flannigan, M.D., Hanson, P.J., Irland, L.C., Lugo, A.E., 
Peterson, C.J. and Simberloff, D., 2001. Climate change and 
forest disturbances. BioScience, 51(9), pp.723-734.

Daniel, C.J., Ter-Mikaelian, M.T., Wotton, B.M., Rayfield, 
B. and Fortin, M.J. 2017. Incorporating uncertainty into 
forest management planning: Timber harvest, wildfire and 
climate change in the boreal forest. Forest Ecology and 
Management, 400, pp.542-554.

de Groot, M., Ogris, N., and Kobler, A.. 2018. The effects of 
a large-scale ice storm event on the drivers of bark beetle 
outbreaks and associated management practices. Forest Ecology 
and Management, 408, pp.195-201. 

Debortoli, N.S., Dubreuil, V., Hirota, M., Lindoso, D.P. and 
Nabucet, J., 2017. Detecting deforestation impacts in Southern 
Amazonia rainfall using rain gauges. International Journal of 
Climatology, 37(6), pp.2889-2900.

Dhar, A., Parrott, L. and Hawkins, C.D., 2016a. Aftermath of 
mountain pine beetle outbreak in British Columbia: Stand 
dynamics, management response and ecosystem resilience. 
Forests, 7(8), p.171.

Dhar, A., Parrott, L. and Heckbert, S., 2016b. Consequences of 
mountain pine beetle outbreak on forest ecosystem services in 
western Canada. Canadian Journal of Forest Research, 46(8), 
pp.987-999.

Ding, Y., Wang, Z., Song, Y. and Zhang, J., 2008. Causes of 
the unprecedented freezing disaster in January 2008 and its 
possible association with the global warming (in Chinese). Acta 
Meteorologica Sinica, 4, p.014.

Doughty, C.E., Malhi, Y., Araujo-Murakami, A., Metcalfe, D.B., 
Silva-Espejo, J.E., Arroyo, L., Heredia, J.P., et.al., 2014. 
Allocation trade-offs dominate the response of tropical forest 
growth to seasonal and interannual drought. Ecology, 95(8), 
pp.2192-2201.

Du Toit, B., Gush, M.B., Pryke, J.S., Samways, M.J. and Dovey, 
S.B., 2014. Ecological Impacts of Biomass Production at Stand 
and Landscape Levels. In: Seifert, T. (Ed), Bioenergy from 
Wood: Sustainable Production in the Tropics. Managing Forest 
Ecosystems, Vol. 26. Heidelberg: Springer.

Duan, L., Man, X., Kurylyk, B.L., Cai, T. and Li, Q. , 2017. 
Distinguishing streamflow trends caused by changes in climate, 
forest cover, and permafrost in a large watershed in northeastern 
China. Hydrological Processes, 31(10), pp. 1938-1951.

Duinker, P. N., Ordόñez, C., Steenberg, J. W. N., Miller, K. H., 
Toni, S. A., and Nitoslawski, S. A., 2015. Trees in Canadian 
cities: An indispensable life form for urban sustainability. 
Sustainability, 7, pp.7379-7396.

Dunn, C.J. and Bailey, J.D., 2016. Tree mortality and structural 
change following mixed-severity fire in Pseudotsuga forests 
of Oregon’s western Cascades, USA. Forest Ecology and 
Management, 365, pp.107-118.

Dye, P.J. and Bosch J.M. 2000. Sustained water yield in afforested 
catchments – the South African experience. In: von Gadow 
K, Pukkala T, Tomé M (eds) Sustainable forest management. 
Kluwer Academic Publishers, Dordrecht, pp 99–120 654.

Dye, P.J. and Versfeld, D. 2007. Managing the hydrological impacts 
of South African plantation forests: An overview. Forest 
Ecology and Management, 251, pp. 121-158.

Dzikiti, S., Gush, M.B., Le Maitre, D.C., Maherry, A., Jovanovic, 
N.J., Ramoelo, A. and Cho, M.A., 2016. Quantifying potential 
water savings from clearing invasive alien Eucalyptus 
camaldulensis using in situ and high resolution remote sensing 
data in the Berg River Catchment, Western Cape, South Africa. 
Forest Ecology and Management, 361, pp.69-80.

FAO, 2015. Global Forest Resources Assessment 2015. FAO 
Forestry Paper No. 1. Rome: FAO.

Farley, K.A., Jobbágy, E.G. and Jackson, R.B., 2005. Effects 
of afforestation on water yield: a global synthesis with 
implications for policy. Global Change Biology, 11(10), 
pp.1565-1576.

Farquhar, G.D., Cernusak, L.A. and Barnes, B., 2007. Heavy water 
fractionation during transpiration. Plant Physiology, 143(1), 
pp.11-18.

Ford, C.R., Hubbard, R.M. and Vose, J.M., 2011. Quantifying 
structural and physiological controls on variation in canopy 
transpiration among planted pine and hardwood species in the 
southern Appalachians. Ecohydrology, 4(2), pp.183-195.

Forrester, D.I., 2015. Transpiration and water-use efficiency in 
mixed-species forests versus monocultures: effects of tree size, 
stand density and season. Tree Physiology, 35(3), pp.289-304.

Fox, T.R., Jokela, E.J. and Allen, H.L., 2004. The evolution of 
pine plantation silviculture in the southern United States. In: 
Gen. Tech. Rep. SRS 75. Asheville, NC: US Department of 
Agriculture, Forest Service, Southern Research Station. 

Galewsky, J., Steen-Larsen, H.C., Field, R.D., Worden, J., Risi, C. 
and Schneider, M., 2016. Stable isotopes in atmospheric water 
vapor and applications to the hydrologic cycle. Reviews of 
Geophysics, 54 (4), pp.809-865.

Gedney, N., Cox, P.M., Betts, R.A., Boucher, O., Huntingford, C. 
and Stott, P.A., 2006. Detection of a direct carbon dioxide effect 
in continental river runoff records. Nature, 439(7078), p.835.

Gehrig-Fasel, J., Guisan, A. and Zimmermann, N.E., 2007. 
Tree line shifts in the Swiss Alps: climate change or land 
abandonment? Journal of Vegetation Science, 18(4), pp.571-
582.

Gimbel, K.F., 2016. Does drought alter Hydrological Functions 
in Forest Soils? Hydrology and Earth System Sciences, 20(3), 
p.1301.

Gottesfeld, A.S. and Gottesfeld, L.M.J., 1990. Floodplain dynamics 
of a wandering river, dendrochronology of the Morice River, 
British Columbia, Canada. Geomorphology, 3(2), pp.159-179.

Grace, J., Berninger, F. and Nagy, L., 2002. Impacts of climate 
change on the tree line. Annals of Botany, 90(4), pp.537-544.

Granier, A., Loustau, D. and Bréda, N., 2000. A generic model of 
forest canopy conductance dependent on climate, soil water 
availability and leaf area index. Annals of Forest Science, 57(8), 
pp.755-765.



95

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Griffin, D. and Anchukaitis, K.J., 2014. How unusual is the 
2012–2014 California drought? Geophysical Research Letters, 
41(24), pp.9017-9023.

Grimm, N.B., Faeth, S.H., Golubiewski, N.E., Redman, C.L., 
Wu, J., Bai, X. and Briggs, J.M., 2008. Global change and the 
ecology of cities. Science, 319(5864), pp.756-760.

Groffman, P.M., Rustad, L.E., Templer, P.H., Campbell, J.L., 
Christenson, L.M., Lany, N.K., Socci, A.M., et. al., 2012. Long-
term integrated studies show complex and surprising effects of 
climate change in the northern hardwood forest. BioScience, 
62(12), pp.1056-1066.

Guardiola-Claramonte, M., Troch, P.A., Ziegler, A.D., Giambelluca, 
T.W., Durcik, M., Vogler, J.B. and Nullet, M.A., 2010. 
Hydrologic effects of the expansion of rubber (Hevea 
brasiliensis) in a tropical catchment. Ecohydrology, 3(3), 
pp.306-314.

Gush, M.B., Scott, D.F., Jewitt, G.P.W., Schulze, R.E., Hallowes, 
L.A. and Gorgens, A.H.M., 2002. A new approach to modelling 
streamflow reductions resulting from commercial afforestation 
in South Africa. Southern African Forestry Journal, 2002(196), 
pp.27-36.

Gush, M., 2010. Assessing Hydrological Impacts of Tree-
based Bioenergy Feedstock. Chapter 3. In: Assessing the 
Sustainability of Bioenergy Projects in Developing Countries. 

Gyenge, J., Fernández, M.E., Sarasola, M. and Schlichter, T., 2008. 
Testing a hypothesis of the relationship between productivity 
and water use efficiency in Patagonian forests with native and 
exotic species. Forest Ecology and Management, 255(8-9), 
pp.3281-3287.

Hallema, D.W., Sun, G., Bladon, K.D., Norman, S.P., Caldwell, 
P.V., Liu, Y. and McNulty, S.G., 2017. Regional patterns of 
postwildfire streamflow response in the Western United States: 
The importance of scale-specific connectivity. Hydrological 
Processes, 31(14), pp.2582-2598.

Hallema, D.W., Sun, G., Caldwell, P.V., Norman, S.P., Cohen, E.C., 
Liu, Y., Bladon, K.D. and McNulty, S.G., 2018. Burned forests 
impact water supplies. Nature Communications, 9(1), p.1307.

Hamburg, S.P., Vadeboncoeur, M.A., Richardson, A.D. and Bailey, 
A.S. 2013. Climate change at the ecosystem scale: a 50-year 
record in New Hampshire. Climatic Change 116(3-4), pp.457-
477.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, 
S., Tyukavina, A., Thau, D., et. al., 2013. High-resolution global 
maps of 21st-century forest cover change. Science, 342(6160), 
pp.850-853.

Harmon, M.E., Ferrell, W.K. and Franklin, J.F., 1990. Effects on 
carbon storage of conversion of old-growth forests to young 
forests. Science, 247(4943), pp.699-702.

Harr, R.D. 1986. Effects of Clearcutting on Rain-on-Snow Runoff 
in Western Oregon: A New Look at Old Studies. Water 
Resources Research, 22(7), pp.1095-1100. 

Hatcher, K.L. and Jones, J.A., 2013. Climate and streamflow 
trends in the Columbia River Basin: evidence for ecological 
and engineering resilience to climate change. Atmosphere-
Ocean, 51(4), pp.436-455.

Hauer, R.J., Hruska, M.C. and Dawson, J.O. 1994. Trees and ice 
storms: The development of ice storm–resistant urban tree 
populations. Special Publication 94-1. Urbana, IL: Department 
of Forestry, University of Illinois at Urbana Champaign. 

Hemp, A., 2005. Climate change-driven forest fires marginalize 
the impact of ice cap wasting on Kilimanjaro. Global Change 
Biology, 11(7), pp.1013-1023.

Hibbert, A.R., 1965. Forest treatment effects on water yield. 
Coweeta Hydrologic Laboratory, Southeastern Forest 
Experiment Station.

Hickler, T., Smith, B., Prentice, I.C., Mjöfors, K., Miller, P., Arneth, 
A. and Sykes, M.T. 2008. CO2 fertilization in temperate FACE 
experiments not representative of boreal and tropical forests. 
Global Change Biology, 14(7), pp.1531-1542

Holtum, J.A. and Winter, K. 2010. Elevated [CO2] and forest 
vegetation: more a water issue than a carbon issue? Functional 
Plant Biology, 37(8), pp.694-702.

Houlton, B. Z., and Driscoll, C.T. 2011. Chapter 31: The Effects of 
Ice Storms on the Hydrology and Biogeochemistry of Forests in 
Forest Hydrology and Biogeochemistry, pp 623-641. In: Forest 
Hydrology and Biogeochemistry: Synthesis of Past Research 
and Future Directions, Levia, D.F.,  Carlyle-Moses, D. and  
Tanaka, T. (eds.). Heidelberg: Springer Science & Business 
Media.

Huntington, T.G., 2006. Evidence for intensification of the 
global water cycle: review and synthesis. Journal of 
Hydrology, 319(1), pp.83-95.

IPBES, 2018.Summary for policymakers of the regional assessment 
report of the intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services on Africa. Archer, E.R.M., 
Mulongoy, K, J., Dziba, L.E., Biggs, R., Diaw, M.C., et al., 
(eds.). Bonn: Secretariat of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services.

Irland, L.C., 2000. Ice storms and forest impacts. The Science of 
the Total Environment, 262, pp.231-242.

Isaacs, R.E., Stueve, K.M., Lafon, C.W. and Taylor, A.H., 2014. 
Ice storms generate spatially heterogeneous damage patterns at 
the watershed scale in forested landscapes. Ecosphere, 5(11), 
pp.1-14.

Iverson, L.R., Hutchinson, T.F., Peters, M.P. and Yaussy, D.A., 
2017. Long-term response of oak-hickory regeneration to 
partial harvest and repeated fires: influence of light and 
moisture. Ecosphere, 8(1).

Jackson, R.B., Jobbágy, E.G., Avissar, R., Roy, S.B., Barrett, D.J., 
Cook, C.W., Farley, K.A., et. al., 2005. Trading water for carbon 
with biological carbon sequestration. Science, 310(5756), 
pp.1944-1947.

Jones, J.A. and Post, D.A., 2004. Seasonal and successional 
streamflow response to forest cutting and regrowth in the 
northwest and eastern United States. Water Resources Research, 
40(5).

Jones, J.A., 2000. Hydrologic processes and peak discharge 
response to forest removal, regrowth, and roads in 10 small 
experimental basins, western Cascades, Oregon. Water 
Resources Research, 36(9), pp.2621-2642.

Jones, J.A. and Grant, G.E., 1996. Peak flow responses to clear-
cutting and roads in small and large basins, western Cascades, 
Oregon. Water Resources Research, 32(4), pp.959-974. 

Jones, J.A. and Perkins, R.M., 2010. Extreme flood sensitivity to 
snow and forest harvest, western Cascades, Oregon, United 
States. Water Resources Research, 46(12).

Jones, J. A., Creed, I. F., Hatcher, K. L., Warren, R. J., Adams, M. 
B., Benson, M. H., Boose, E., et al., 2012. Ecosystem Processes 
and Human Influences Regulate Streamflow Response to 
Climate Changeat Long-Term Ecological Research Sites. 

BioScience, 62, pp.390-404. 

Jones, J.B. and Rinehart, A.J., 2010. The long-term response of 
stream flow to climatic warming in headwater streams of 
interior Alaska. Canadian Journal of Forest Research, 40(7), 
pp.1210-1218.

Jorgenson, M.T., Romanovsky, V., Harden, J., Shur, Y., O’Donnell, 
J., Schuur, E.A., Kanevskiy, M. and Marchenko, S., 2010. 
Resilience and vulnerability of permafrost to climate 
change. Canadian Journal of Forest Research, 40(7), pp.1219-
1236.

Jung, M., Reichstein, M., Ciais, P., Seneviratne, S.I., Sheffield, J., 
Goulden, M.L., Bonan, G., et al., 2010. Recent decline in the 
global land evapotranspiration trend due to limited moisture 
supply. Nature, 467(7318), p.951.

Kerhoulas, L.P., Kolb, T.E. and Koch, G.W. 2013. Tree size, 
stand density, and the source of water used across seasons 
by ponderosa pine in northern Arizona. Forest Ecology and 
Management, 289, pp.425-433.



96

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Kim, J., Hwang, T., Schaaf, C.L., Orwig, D.A., Boose, E. and 
Munger, J.W., 2017. Increased water yield due to the hemlock 
woolly adelgid infestation in New England. Geophysical 
Research Letters, 44(5), pp.2327-2335.

Kimmins J.P., Blanco J.A., Seely B., Welham C., Scoullar K. 2010. 
Forecasting Forest Futures: A Hybrid Modelling Approach to 
the Assessment of Sustainability of Forest Ecosystems and their 
Values. London: Earthscan.

Kinoshita, A.M. and Hogue, T.S., 2011. Spatial and temporal 
controls on post-fire hydrologic recovery in Southern California 
watersheds. Catena, 87(2), pp.240-252.

Knapp, A.K., Beier, C., Briske, D.D., Classen, A.T., Luo, Y., 
Reichstein, M., Smith, M.D., et. al., 2008. Consequences of 
more extreme precipitation regimes for terrestrial ecosystems. 
AIBS Bulletin, 58(9), pp.811-821.

Koeplin, N., Schädler, B., Viviroli, D. and Weingartner, R., 2013. 
The importance of glacier and forest change in hydrological 
climate-impact studies. Hydrology and Earth System Sciences, 
17(2), p.619.

Kopp, B.J., Lange, J. and Menzel, L., 2017. Effects of wildfire on 
runoff generating processes in northern Mongolia. Regional 
Environmental Change, 17(7), pp.1951-1963.

Kurz, W.A., Dymond, C.C., Stinson, G., Rampley, G.J., Neilson, 
E.T., Carroll, A.L., Ebata, T. and Safranyik, L., 2008. 
Mountain pine beetle and forest carbon feedback to climate 
change. Nature, 452(7190), pp.987-990.

La Marche, J.L. and Lettenmaier, D.P., 2001. Effects of forest 
roads on flood flows in the Deschutes River, Washington. Earth 
Surface Processes and Landforms, 26(2), pp.115-134.

Laseter, S.H., Ford, C.R., Vose, J.M. and Swift, L.W., 2012. 
Long-term temperature and precipitation trends at the Coweeta 
Hydrologic Laboratory, Otto, North Carolina, USA. Hydrology 
Research, 43(6), pp.890-901.

Lawrence, D. and Vandecar, K., 2015. Effects of tropical 
deforestation on climate and agriculture. Nature Climate 
Change, 5(1), p.27.

Le Maitre, D.C., Gush, M.B. and Dzikiti, S., 2015. Impacts 
of invading alien plant species on water flows at stand and 
catchment scales. AoB Plants, 7.

Lechuga, V., Carraro, V., Viñegla, B., Carreira, J.A. and Linares, 
J.C., 2017. Managing drought-sensitive forests under global 
change. Low competition enhances long-term growth and water 
uptake in Abies pinsapo. Forest Ecology and Management, 406, 
pp.72-82.

Lerner, S. and Poole, W., 1999. The Economic Benefits of Parks and 
Open Space: how land conservation helps communities grow 
and protect the bottom line. San Francisco, CA: Trust for Public 
Land.

Lertzman, K., Spies, T. and Swanson, F., 1997. From ecosystem 
dynamics to ecosystem management. In: The Rain Forests of 
Home: Profile of a North American Bioregion. Schoonmaker, 
P.K., von Hagen, B., Wolf, E.C. (Eds.), Washington, DC: Island 
Press. 

Li, Q., Wei, X., Zhang, M., Liu, W., Fan, H., Zhou, G., Giles-
Hansen, K., Liu, S. and Wang, Y., 2017. Forest cover change 
and water yield in large forested watersheds: A global synthetic 
assessment. Ecohydrology, 10(4).

Li, Q., Wei, X., Zhang, M., Liu, W., Giles-Hansen, K. and Wang, 
Y., 2018. The cumulative effects of forest disturbance and 
climate variability on streamflow components in a large forest-
dominated watershed. Journal of Hydrology, 557, pp. 448-459.

Lin, Y. and Wei, X., 2008. The impact of large-scale forest 
harvesting on hydrology in the Willow Watershed of Central 
British Columbia. Journal of Hydrology, 359, pp.141-149.

Lindner, M., Fitzgerald, J.B., Zimmermann, N.E., Reyer, C., 
Delzon, S., van der Maaten, E., Schelhaas, M.J. et al., 2014. 
Climate change and European forests: what do we know, what 
are the uncertainties, and what are the implications for forest 
management? Journal of Environmental Management 146, 
pp.69-83.

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, 
A., Garcia-Gonzalo, J., Seidl, R., et al., 2010. Climate change 
impacts, adaptive capacity, and vulnerability of European forest 
ecosystems. Forest Ecology and Management, 259(4), pp.698-
709.

Liu, J., Li, S., Ouyang, Z., Tam, C. and Chen, X., 2008. Ecological 
and socioeconomic effects of China’s policies for ecosystem 
services. Proceedings of the National Academy of Sciences, 
105(28), pp.9477-9482.

Liu, W., Wei, X., Liu, S., Liu, Y., Fan, H., Zhang, M., Yin, J. and 
Zhan, M., 2015. How do climate and forest changes affect long-
term streamflow dynamics? A case study in the upper reach of 
Poyang River basin. Ecohydrology, 8(1), pp.46-57.

Luyssaert, S., Schulze, E.D., Börner, A., Knohl, A., Hessenmöller, 
D., Law, B.E., Ciais, P. and Grace, J., 2008. Old-growth forests 
as global carbon sinks. Nature, 455(7210), p.213.

Ma, X., Lu, X.X., Van Noordwijk, M., Li, J.T. and Xu, J.C., 2014. 
Attribution of climate change, vegetation restoration, and 
engineering measures to the reduction of suspended sediment 
in the Kejie catchment, southwest China. Hydrology and Earth 
System Sciences, 18(5), p.1979–1994.

Ma, X., Xu, J., Luo, Y., Prasad Aggarwal, S. and Li, J., 2009. 
Response of hydrological processes to land-cover and climate 
changes in Kejie watershed, south-west China. Hydrological 
Processes, 23(8), pp.1179-1191.

Mansourian, S., Stanturf, J.A., Derkyi, M.A.A. and Engel, V.L., 
2017. Forest Landscape Restoration: increasing the positive 
impacts of forest restoration or simply the area under tree 
cover? Restoration Ecology, 25(2), pp.178-183.

McDowell, N.G. and Allen, C.D., 2015. Darcy’s law predicts 
widespread forest mortality under climate warming. Nature 
Climate Change, 5(7), pp.669-672.

McNulty, S.G., Boggs, J.L. and Sun, G., 2014. The rise of the 
mediocre forest: why chronically stressed trees may better 
survive extreme episodic climate variability. New Forests, 45(3), 
pp.403-415.

McVicar, T.R., Roderick, M.L., Donohue, R.J., Li, L.T., Van 
Niel, T.G., Thomas, A., Grieser, J., Jhajharia, D., Himri, Y., 
Mahowald, N.M. and Mescherskaya, A.V., 2012. Global review 
and synthesis of trends in observed terrestrial near-surface wind 
speeds: Implications for evaporation. Journal of Hydrology, 
416, pp.182-205.

MEA [Millennium Ecosystem Assessment] (2005). Ecosystems and 
human wellbeing: A framework for assessment. Washington, 
DC: Island Press. 

Millar, C.I., Stephenson, N.L. and Stephens, S.L. 2007. Climate 
change and forests of the future: managing in the face of 
uncertainty. Ecological Applications, 17(8), pp.2145-2151.

Mitchell, R.G., Waring, R.H. and Pitman, G.B., 1983. Thinning 
lodgepole pine increases tree vigor and resistance to mountain 
pine beetle. Forest Science, 29(1), pp.204-211.

Mokria, M., Gebrekirstos, A., Abiyu, A., Noordwijk, M.V. and 
Bräuning, A., 2017. Multi-century tree-ring precipitation record 
reveals increasing frequency of extreme dry events in the upper 
Blue Nile River catchment. Global Change Biology, 23(12), pp. 
5436-5454.

Montes-Helu, M.C., Kolb, T., Dore, S., Sullivan, B., Hart, S.C., 
Koch, G. and Hungate, B.A., 2009. Persistent effects of 
fire-induced vegetation change on energy partitioning and 
evapotranspiration in ponderosa pine forests. Agricultural and 
Forest Meteorology, 149(3-4), pp.491-500.

Moore, G.W., Bond, B.J. and Jones, J.A., 2011. A comparison 
of annual transpiration and productivity in monoculture and 
mixed-species Douglas-fir and red alder stands. Forest Ecology 
and Management, 262(12), pp.2263-2270.

Moore, G.W., Bond, B.J., Jones, J.A., Phillips, N. and Meinzer, F.C. 
2004. Structural and compositional controls on transpiration 
in 40-and 450-year-old riparian forests in western Oregon, 
USA. Tree Physiology, 24(5), pp.481-491.



97

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Moore, G.W., Bond, B.J. and Jones, J.A. 2011a. A comparison 
of annual transpiration and productivity in monoculture and 
mixed-species Douglas-fir and red alder stands. Forest Ecology 
and Management, 262(12), pp.2263-2270.

Moore, G.W., Jones, J.A. and Bond, B.J. 2011b. How soil moisture 
mediates the influence of transpiration on streamflow at hourly 
to interannual scales in a forested catchment. Hydrological 
Processes, 25(24), pp.3701-3710.

Moore, R.D. and Wondzell, S.M. 2005. Physical hydrology and 
the effects of forest harvesting in the Pacific Northwest: a 
review. JAWRA Journal of the American Water Resources 
Association, 41(4), pp.763-784.

Mutegi, J.K., Mugendi, D.N., Verchot, L.V. and Kung’u, J.B., 2008. 
Combining napier grass with leguminous shrubs in contour 
hedgerows controls soil erosion without competing with crops. 
Agroforestry Systems, 74(1), pp.37-49.

Naranjo, J.B., Weiler, M. and Stahl, K., 2011. Sensitivity of a 
data-driven soil water balance model to estimate summer 
evapotranspiration along a forest chronosequence. Hydrology 
and Earth System Sciences, 15(11), p.3461.

Neary, D.G., Ryan, K.C. and DeBano, L.F., 2005. Wildland fire in 
ecosystems: effects of fire on soils and water. Gen. Tech. Rep. 
RMRS-GTR-42-vol, 4, p.250.

Nnyamah, J.U. and Black, T.A. 1977. Rates and patterns of water 
uptake in a Douglas-fir forest. Soil Science Society of America 
Journal, 41(5), pp.972-979.

Norby, R.J. and Zak, D.R. 2011. Ecological lessons from free-
air CO2 enrichment (FACE) experiments. Annual Review of 
Ecology, Evolution, and Systematics, 42, pp. 181-203.

Norby, R.J., Warren, J.M., Iversen, C.M., Medlyn, B.E. and 
McMurtrie, R.E. 2010. CO2 enhancement of forest productivity 
constrained by limited nitrogen availability. Proceedings of the 
National Academy of Sciences, 107(45), pp.19368-19373.

NY EPA [New York Environmental Protection Agency], 2015.  New 
York City Drinking Water Supply and Quality Report. New York: 
New York Environmental Protection Agency.

O’Halloran, T.L., Law, B.E., Goulden, M.L., Wang, Z., Barr, J.G., 
Schaaf, C., Brown, M., et. al., 2012. Radiative forcing of natural 
forest disturbances. Global Change Biology, 18(2), pp.555-565.

Oliveras, I., Gracia, M., Moré, G. and Retana, J., 2009. Factors 
influencing the pattern of fire severities in a large wildfire under 
extreme meteorological conditions in the Mediterranean basin. 
International Journal of Wildland Fire, 18(7), pp.755-764.

Ong, C., Black, C.R., Wilson, J., Muthuri, C., Bayala, J. and 
Jackson, N.A., 2014. Agroforestry: hydrological impacts. In: 
Encyclopedia of agriculture and food systems, Van Alfen, Neal 
K., (ed.). Vol. 1. (2nd ed.). Amsterdam: Academic Press.

Ow, L. F. and Ghosh, S., 2017. Urban tree growth and their 
dependency on infiltration rates in structural soil and structural 
cells. Urban Forestry & Urban Greening, 26, pp. 41-47.

Pavlidis, G. and Tsihrintzis, V.A., 2018. Environmental Benefits 
and Control of Pollution to Surface Water and Groundwater 
by Agroforestry Systems: a Review. Water Resources 
Management, 32(1), pp.1-29.

Payn, T., Carnus, J.M., Freer-Smith, P., Kimberley, M., Kollert, W., 
Liu, S., Orazio, C., et al., 2015. Changes in planted forests and 
future global implications. Forest Ecology and Management, 
352, pp.57-67.

Penn, C.A., Bearup, L.A., Maxwell, R.M. and Clow, D.W. 2016. 
Numerical experiments to explain multiscale hydrological 
responses to mountain pine beetle tree mortality in a headwater 
watershed. Water Resources Research, 52(4), pp.3143-3161.

Pennisi, E. 2013. Tree Line Shifts. Science, 341(6145), p.484.

Perry, T.D. and Jones, J.A., 2017. Summer streamflow deficits 
from regenerating Douglas-fir forest in the Pacific Northwest, 
USA. Ecohydrology, 10(2).

Piao, S., Friedlingstein, P., Ciais, P., de Noblet-Ducoudré, N., Labat, 
D. and Zaehle, S., 2007. Changes in climate and land use have 
a larger direct impact than rising CO2 on global river runoff 
trends. Proceedings of the National Academy of Sciences, 
104(39), pp.15242-15247.

Ran, L., Lu, X. and Xu, J., 2013. Effects of vegetation restoration 
on soil conservation and sediment loads in China: A critical 
review. Critical Reviews in Environmental Science and 
Technology, 43(13), pp.1384-1415.

Redding, T., Winkler, R., Teti, P., Spittlehouse, D., Boon, S., Rex, 
J., Dubé, S., Moore, R.D., Wei, A., Carver, M. and Schnorbus, 
M., 2008. Mountain pine beetle and watershed hydrology. BC J. 
Ecosyst. Manage, 9, pp.33-50.

Reed, D.E., Ewers, B.E. and Pendall, E., 2014. Impact of mountain 
pine beetle induced mortality on forest carbon and water fluxes. 
Environmental Research Letters, 9(10), p.105004.

Riggan, P.J., Lockwood, R.N., Jacks, P.M., Colver, C.G., 
Weirich, F., DeBano, L.F. and Brass, J.A., 1994. Effects of 
fire severity on nitrate mobilization in watersheds subject to 
chronic atmospheric deposition. Environmental Science & 
Technology, 28(3), pp.369-375.

Rowland, L., da Costa, A.C.L., Galbraith, D.R., Oliveira, R.S., 
Binks, O.J., Oliveira, A.A.R., Pullen, A.M., et. al., 2015. Death 
from drought in tropical forests is triggered by hydraulics not 
carbon starvation. Nature, 528(7580), pp.119 -122.

Rozanski, K., Araguás-Araguás, L. and Gonfiantini, R., 1993. 
Isotopic patterns in modern global precipitation. Climate 
Change in Continental Isotopic Records, pp.1-36.

Sanders, R.A., 1986. Urban vegetation impacts on the hydrology of 
Dayton, Ohio. Urban Ecology, 9(3-4), pp.361-376.

Sanusi, R., Johnstone, D., May, P. and Livesley, S.J., 2017. 
Microclimate benefits that different street tree species provide 
to sidewalk pedestrians relate to differences in Plant Area Index. 
Landscape and Urban Planning, 157, pp.502-511.

Schärer, C., Yeates, P., Sheridan, G., Doerr, S., Nyman, P., 
Langhans, C., Haydon, S. and Santin, C., 2017, April. How long 
will my reservoir be contaminated following a post-fire erosion 
event? In EGU General Assembly Conference Abstracts (Vol. 
19, p. 18443).

Schelhaas, M.J., Nabuurs, G.J. and Schuck, A., 2003. Natural 
disturbances in the European forests in the 19th and 20th 
centuries. Global Change Biology, 9(11), pp.1620-1633.

Scherrer, D., Massy, S., Meier, S., Vittoz, P. and Guisan, A., 2017. 
Assessing and predicting shifts in mountain forest composition 
across 25 years of climate change. Diversity and Distributions, 
23(5), pp.517-528.

Scholz, M. and Grabowiecki, P., 2007. Review of permeable 
pavement systems. Building and Environment, 42(11), pp.3830-
3836.

Schwendenmann, L., Pendall, E., Sanchez-Bragado, R., Kunert, 
N. and Hölscher, D., 2015. Tree water uptake in a tropical 
plantation varying in tree diversity: interspecific differences, 
seasonal shifts and complementarity. Ecohydrology, 8(1), pp.1-
12.

Scott, D.F. and Prinsloo, F.W., 2008. Longer-term effects of pine 
and eucalypt plantations on streamflow. Water Resources 
Research, 44(7).

Scott, D.F. and Smith, R.E., 1997. Preliminary empirical models 
to predict reductions in total and low-flows resulting from 
afforestation. Water SA, 23, pp.135-140.

Scott, D.F., Bruijnzeel, L.A., Vertessy, R.A., Calder, I.R., Burley, J., 
Evans, J. and Youngquist, J., 2004. Impacts of Forest plantations 
on streamflow. Encyclopedia of Forest Science, pp.367-377.

Seitz, J. and Escobedo, F., 2011. Urban forests in Florida: Trees 
control stormwater runoff and improve water quality. City, 
393(6).

Shuster, W.D., Bonta, J., Thurston, H., Warnemuende, E. and 
Smith, D.R., 2005. Impacts of impervious surface on watershed 
hydrology: a review. Urban Water Journal, 2(4), pp.263-275.



98

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Silva, L.C. and Anand, M., 2013. Probing for the influence of 
atmospheric CO2 and climate change on forest ecosystems 
across biomes. Global Ecology and Biogeography, 22(1), pp.83-
92.

Spracklen, D.V. and Garcia-Carreras, L., 2015. The impact 
of Amazonian deforestation on Amazon basin rainfall. 
Geophysical Research Letters, 42(21), pp.9546-9552.

Stephenson, N.L., Das, A.J., Condit, R., Russo, S.E., Baker, 
P.J., Beckman, N.G., Coomes, D.A., Lines, E.R., Morris, 
W.K., Rüger, N. and Alvarez, E., 2014. Rate of tree carbon 
accumulation increases continuously with tree size. Nature, 
507(7490), p.90.

Staley, D.M., Negri, J.A., Kean, J.W., Laber, J.L., Tillery, A.C. and 
Youberg, A.M., 2017. Prediction of spatially explicit rainfall 
intensity-duration thresholds for post-fire debris-flow generation 
in the western United States. Geomorphology, 278, pp.149-162.

Stocks, B.J., Fosberg, M.A., Lynham, T.J., Mearns, L., Wotton, 
B.M., Yang, Q., Jin, J.Z., Lawrence, K., Hartley, G.R., Mason, 
J.A. and McKenney, D.W., 1998. Climate change and forest 
fire potential in Russian and Canadian boreal forests. Climatic 
Change, 38(1), pp.1-13.

Swank, W.T., Vose, J.M. and Elliott, K.J., 2001. Long-term 
hydrologic and water quality responses following commercial 
clearcutting of mixed hardwoods on a southern Appalachian 
catchment. Forest Ecology and Management, 143(1-3), pp.163-
178.

United Nations, 2016. The World’s cities in 2016. New York: 
United Nations, Department of Economic and Social Affairs, 
Population Division.

Vailshery, L.S., Jaganmohan, M. and Nagendra, H., 2013. Effect of 
street trees on microclimate and air pollution in a tropical city. 
Urban Forestry & Urban Greening, 12(3), pp.408-415.

van Lierop, P., Lindquist, E., Sathyapala, S. and Franceschini, 
G., 2015. Global forest area disturbance from fire, insect 
pests, diseases and severe weather events. Forest Ecology and 
Management, 352, pp.78-88.

van Mantgem, P.J., Stephenson, N.L., Byrne, J.C., Daniels, 
L.D., Franklin, J.F., Fulé, P.Z., Harmon, M.E., et. al., 2009. 
Widespread increase of tree mortality rates in the western 
United States. Science, 323(5913), pp.521-524.

van Noordwijk, M., Leimona, B., Xing, M., Tanika, L., 
Namirembe, S., and Suprayogo, D. 2015. Water-focused 
landscape management. In: Climate-Smart Landscapes: 
Multifunctionality In Practice, Minang, P. A., van Noordwijk, 
M., Freeman, O. E., Mbow, C., Leeuw, J. D. and Catacutan, D. 
(eds.). Nairobi: World Agroforestry Centre (ICRAF). 

van Noordwijk, M., Namirembe, S., Catacutan, D., Williamson, 
D. and Gebrekirstos, A., 2014. Pricing rainbow, green, 
blue and grey water: tree cover and geopolitics of climatic 
teleconnections. Current Opinion in Environmental 
Sustainability, 6, pp.41-47.

Vanderhoof, M., Williams, C.A., Shuai, Y., Jarvis, D., Kulakowski, 
D. and Masek, J., 2014. Albedo-induced radiative forcing from 
mountain pine beetle outbreaks in forests, south-central Rocky 
Mountains: magnitude, persistence, and relation to outbreak 
severity. Biogeosciences, 11(3), pp.563-575.

Vieira, D.C.S., Fernández, C., Vega, J.A. and Keizer, J.J., 2015. 
Does soil burn severity affect the post-fire runoff and interrill 
erosion response? A review based on meta-analysis of field 
rainfall simulation data. Journal of Hydrology, 523, pp.452-464.

Vose, J.M., Miniat, C.F., Luce, C.H., Asbjornsen, H., Caldwell, P.V., 
Campbell, J.L., Grant, G.E., Isaak, D.J., Loheide, S.P. and Sun, 
G., 2016. Ecohydrological implications of drought for forests 
in the United States. Forest Ecology and Management, 380, 
pp.335-345

Wang, S., Fu, B., Piao, S., Lü, Y., Ciais, P., Feng, X. and Wang, Y., 
2016. Reduced sediment transport in the Yellow River due to 
anthropogenic changes. Nature Geoscience, 9(1), p.38.

Waring R.M., 1982. Estimating forest growth and efficiency in 
relation to canopy leaf area. Adv. Ecol. Res., 13, pp. 327-354.

Wei, X., Sun, G., Liu, S., Jiang, H., Zhou, G. and Dai, L., 2008. 
The forest-streamflow relationship in China: A 40-year 
retrospect. JAWRA Journal of the American Water Resources 
Association, 44(5), pp.1076-1085.

Wei, X. and Zhang, M., 2010. Quantifying streamflow change 
caused by forest disturbance at a large spatial scale: A single 
watershed study. Water Resources Research, 46(12).

Wei, X., Liu, W. and Zhou, P., 2013. Quantifying the relative 
contributions of forest change and climatic variability to 
hydrology in large watersheds: a critical review of research 
methods. Water, 5, pp.728-746.

Wei, X., Li, Q., Zhang, M., Giles-Hansen, K., Liu, W., Fan, H., 
Wang, Y., et. al., 2018. Vegetation cover—another dominant 
factor in determining global water resources in forested regions. 
Global Change Biology, 24(2), pp.786-795.

Weiler, M., Scheffler, C., Tautz, A. and Rosin, K., 2009. 
Development of a hydrologic process model for mountain pine 
beetle affected areas in British Columbia. Freiburg: Institut für 
Hydrologie, Universität Freiburg. 

Wemple, B.C. and Jones, J.A., 2003. Runoff production on 
forest roads in a steep, mountain catchment. Water Resources 
Research, 39(8).

Wemple, B.C., Swanson, F.J. and Jones, J.A. 2001. Forest roads 
and geomorphic process interactions, Cascade Range, 
Oregon. Earth Surface Processes and Landforms, 26(2), 
pp.191-204

White, J.C., Wulder, M.A., Hermosilla, T., Coops, N.C. and Hobart, 
G.W., 2017. A nationwide annual characterization of 25 years of 
forest disturbance and recovery for Canada using Landsat time 
series. Remote Sensing of Environment, 194, pp.303-321.

Whitehead, D., Jarvis, P.G. and Waring, R.H., 1984. Stomatal 
conductance, transpiration, and resistance to water uptake in 
a Pinus sylvestris spacing experiment. Canadian Journal of 
Forest Research, 14(5), pp.692-700.

Williams, A.P., Funk, C., Michaelsen, J., Rauscher, S.A., 
Robertson, I., Wils, T.H., Koprowski, M., et. al., 2012. Recent 
summer precipitation trends in the Greater Horn of Africa and 
the emerging role of Indian Ocean sea surface temperature. 
Climate Dynamics, 39(9-10), pp.2307-2328.

Winkler, R., Boon, S., Zimonick, B. and Spittlehouse, D., 2014. 
Snow accumulation and ablation response to changes in forest 
structure and snow surface albedo after attack by mountain pine 
beetle. Hydrological Processes, 28(2), pp.197-209.

Wramneby, A., Smith, B. and Samuelsson, P., 2010. Hot spots of 
vegetation-climate feedbacks under future greenhouse forcing 
in Europe. Journal of Geophysical Research: Atmospheres, 
115(D21).

Wright, J.S., Fu, R., Worden, J.R., Chakraborty, S., Clinton, N.E., 
Risi, C., Sun, Y. and Yin, L., 2017. Rainforest-initiated wet 
season onset over the southern Amazon. Proceedings of the 
National Academy of Sciences, p.201621516.

Wu, J., Liu, W. and Chen, C., 2017. How do plants share 
water sources in a rubber-tea agroforestry system during 
the pronounced dry season? Agriculture, Ecosystems & 
Environment, 236, pp.69-77.

Xu, J., 2011. China’s new forests aren’t as green as they seem. 
Nature, 477, pp.371.

Zhang, L., Dawes, W.R. and Walker, G.R., 1999. Predicting the 
effect of vegetation changes on catchment average water 
balance. CSIRO Technical Report 99/12, CRC for Catchment 
Hydrology. Canberra: CSIRO.

Zhang, L., Dawes, W.R. and Walker, G.R., 2001. Response of mean 
annual evapotranspiration to vegetation changes at catchment 
scale. Water Resources Research, 37(3), pp.701-708.

Zhang, M. and Wei, X., 2013. Alteration of flow regimes caused 
by large-scale forest disturbance: a case study from a large 
watershed in the interior of British Columbia, Canada. 
Ecohydrology, 7(2), pp.544-556.



99

4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE4 FOREST LANDSCAPE HYDROLOGY IN A ‘NEW NORMAL’ ERA OF CLIMATE AND LAND USE CHANGE

Zhang, M.F., Liu, N., Harper, R., Li, Q., Liu, K., Wei, X., Ning, 
D., et. al., 2017. A global review on hydrological responses 
to forest change across multiple spatial scales: Importance of 
scale, climate, forest type and hydrological regime. Journal of 
Hydrology, 546, pp.44–59.

Zheng, J., Wei, X., Liu, Y., Liu, G., Wang, W. and Liu, W., 2016. 
Review of regional carbon counting methods for the Chinese 
major ecological engineering programs. Journal of Forestry 
Research, 27(4), pp.727-738.

Zhou, G., Liu, S., Li, Z., Zhang, D., Tang, X., Zhou, C., Yan, J. 
and Mo, J., 2006. Old-growth forests can accumulate carbon in 
soils. Science, 314(5804), pp.1417-1417.

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




