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Forest restoration aims to increase forest cover, structure, function, and/or species composition, and it influences
hydrology through the partitioning of precipitation into evapotranspiration and streamflow. This paper provides
a conceptual framework for forest restoration and hydrology, reviews the literature on forest hydrology that is
relevant to forest restoration, and assesses practical forest restoration approaches, their hydrologic effects, and
tradeoffs. The hydrologic effects of three types of forest are assessed: mature and old-growth forests, which often
are the reference model for restoration; managed forest plantations, which dominated early efforts for forest
restoration; and the early stages of native forest succession, an increasingly popular, ecologically-oriented or
nature-based approach to forest restoration. This review indicates that mature and old-growth forests have high
evapotranspiration and consistent water yield, provided by moderated peak discharges and sustained low flows,
while water yield is low from managed forest plantations, especially during dry periods. The early stages of
native forest succession may provide greater water yield and increased low flows compared with managed
plantations. Inclusion of native species and natural processes in forest restoration can increase some hydrological
benefits relative to other forest restoration approaches. Although forest restoration affects hydrology, few studies
examine the hydrologic effects of specific forest restoration practices such as choice of species, silvicultural
practices, legacies of past land use, and geographic setting. Forest managers and ecologists can play valuable
roles by designing studies that explore the hydrologic effects of forest restoration approaches on time scales
relevant to ecological succession and forest management under a changing climate.

1. Introduction Ecological Restoration, 2004; Little and Lara, 2010; Clewell and Aron-

son, 2013; McDonald et al., 2016). However, relatively little is known

Forest restoration efforts have increased in recent decades, moti-
vated by concerns including protection of watershed processes and
functions, loss of biodiversity, climate change, and regulations such as
forest certification that govern international trade in forest products
(Verdone and Seidl, 2017, Hohl et al., 2020). Forest restoration efforts
aim to improve the provision of ecosystem services (e.g., Society for
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about how forest restoration influences hydrology, or how forest resto-
ration practices contribute to water and water-related ecosystem
services.

This paper focuses on restoration efforts whose primary aim is to
increase forests, as distinct from restoration of streams, watersheds, or
biodiversity, which also involve forest management decisions and
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hydrology (Table 1). For example, in stream restoration, streamside
trees are managed for shade, wood delivery, and control of bank erosion.
In watershed restoration, forest stands are managed to regulate water
quantity and quality. In biodiversity restoration, live and dead trees and
forested corridors may be managed for habitat. We restrict our inquiry to
restoration efforts that principally aim to increase forests, even though
other types of restoration may involve forest management that may
affect hydrology.

Forest restoration in this paper encompasses all forest management
practices that increase forest cover, structure, and/or species composi-
tion (Fig. 1). Forest restoration aims to counter the loss of global forest
biomes, 27 to 49% of which have been converted to other land uses
(Hoekstra et al., 2005). Globally, forest restoration has been undertaken
to produce forest products, to enhance regulatory ecosystem services
(sequestered carbon, erosion control, water supply) and to improve rural
livelihoods (de Jong et al., 2021).

This paper examines the hydrologic effects of forest restoration,
which are diverse, because forest change alters many hydrologic pro-
cesses. Forest cover affects water yield and precipitation locally, as well
as downstream and downwind (Andréassian 2004; van der Ent et al.,
2010; Keys et al., 2016; Ellison et al., 2012, 2017; Zhang et al., 2017a;
Hoek van Dijke et al., 2022). Changing forest landscapes influence hy-
drology in many ways (e.g., NRC, 2008; Jones et al., 2009; Wei et al.,
2018; Zhang and Wei, 2021). Yet despite many studies of forests and
water, and studies of effects of afforestation on hydrology (Filoso et al.,
2017; Liu et al., 2021), few studies address how forest management for
restoration affects water ecosystem services. This paper fills that gap.

The objectives of this paper are to

1) Offer a conceptual framework for forest restoration and hydrology,

2) Summarize knowledge about effects of forest restoration on hydrol-
ogy, and

3) Assess practical forest restoration approaches, their hydrologic ef-
fects, and tradeoffs.

2. Forest restoration concepts

We define forest restoration as forest management activities whose
objective is to increase forest cover, structure, function, and/or species
composition, through treatments involving tree regeneration and
removal (Fig. 1). We consider several forest restoration strategies, which
differ in their objectives and approaches. We include forest restoration
efforts that aim to establish forest on land lacking vegetation (“recla-
mation”), as well as efforts that aim to establish desired structure, spe-
cies composition, or processes (“rehabilitation”) or to re-establish native

Table 1

Four types of restoration affect forest management decisions and hydrology:
forest, stream, watershed, and biodiversity restoration. The four types of resto-
ration differ in their objectives and treatments. For purposes of this paper, we
define forest restoration as activities with the objective to increase forest cover,
structure, function, and/or composition, through treatments involving tree
regeneration and removal.

Type of Objective Treatments involving trees and
restoration forests
Forest To increase forest cover, Tree planting and/or natural
structure, and/or species regeneration; tree harvest,
composition thinning, and/or selective removal
Stream To improve or sustain Management of near stream trees
aquatic habitat for shade and large wood delivery
Watershed To restore the natural Distribution of forest cutting and
streamflow regime age classes in space, reduction of
road density and road-stream
connectivity
Biodiversity To maintain viable Provision of habitat and dispersal at

populations of native tree to landscape and river network
species scales
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plant communities on land recently in other uses (“reconstruction”)
(Stanturf et al., 2014; McDonald et al., 2016). Forest restoration may
involve many different management practices including combinations
of planting or natural regeneration of native or non-native tree species,
with or without harvest or removal of trees (Table 2). Forest restoration
encompasses activities as diverse as managed forest plantations of native
species or non-native species, reforestation with non-native species, and
native forest regeneration (Fig. 1, Table 2).

Some of the earliest documented forest restoration examples were
“reclamation” efforts (Stanturf et al., 2014) to establish forests on land
that had been in non-forest land uses in Europe, Asia, South America,
Africa, and the United States (arrows labeled 1 in Fig. 1). For example, in
1860, non-native Austrian pine was planted to restore eroded slopes in
the southwestern European Alps, and today those plantations have
facilitated the return of indigenous broad-leaved trees and herbaceous
species (Vallauri et al., 2002). Starting around 1870, native secondary
forest (oak, poplar, and birch) was re-established to reduce erosion on
abandoned agricultural land in the Ziwuling area of the Loess Plateau of
China (Zheng, 2006). In the early 20th century, plantations of non-
native Pinus radiata and Eucalyptus globulus were established in central
and south-central Chile to counteract erosion, sedimentation, and
flooding associated with 19th century forest clearing, agriculture and
grazing (Elizalde, 1968; Donoso, 1983; Lara and Veblen, 1993). In the
early 20th century, plantations of non-native Eucalyptus and Pinus spe-
cies were established on former grassland and shrubland In South Africa
(Scott et al., 2000). In the 1950 s, large areas of native pine plantations
were established in the southern United States on cotton and tobacco
farmlands that had been abandoned after the U.S. Civil War (1860s)
(Fox et al., 2007).

More recently, forest restoration has included ‘“reclamation” or
“rehabilitation” efforts in which forest plantations were established on
land previously in forest (arrow labeled 2 in Fig. 1). For example, from
2000 to 2012, intensively managed forest plantations resulted in both
forest loss and gain (i.e., harvest and replanting) of as much as 31% of
forests within the subtropical climate domain, including the south-
eastern United States, South Africa, central Chile, southeastern Brazil,
Uruguay, southern China, Australia, and New Zealand (Hansen et al.,
2013). Most forest plantations are intensively managed on clearcut ro-
tations, and many consist of non-native species. Forest plantations can
contribute to forest restoration when managed to meet forest certifica-
tion objectives and standards (e.g., Upton, 2019).

Much recent forest restoration consists of “rehabilitation” and
“reconstruction” efforts (Stanturf et al., 2014) involving the early stages
of native forest restoration (arrows labeled 3 in Fig. 1). This approach is
based on the concept of ecological restoration, defined as “the process of
assisting the recovery of an ecosystem that has been degraded, damaged
or destroyed” (McDonald et al., 2016) and builds on conceptual foun-
dations laid by Aldo Leopold (Leopold, 1949, Leopold, 2004). Ecological
restoration aims to reconstruct the ecosystem “as it would be had it not
been degraded, adjusted as necessary to accommodate changed or pre-
dicted biotic or environmental conditions,” and it includes the rein-
statement of hydrological functions (McDonald et al., 2016). Native
forest restoration is increasingly viewed as a “nature-based” approach to
counter the effects of climate change (Palmer, 2021).

These varied approaches to forest restoration may produce quite
distinct effects on hydrological processes. In the remainder of this paper,
we outline a conceptual framework for understanding forest restoration
effects on hydrology, summarize the relevant literature, and assess
practical forest restoration approaches, their hydrologic effects, and
tradeoffs.

3. Global and regional effects of forest restoration on hydrology
Forest restoration is a component of global and regional forest

management, and therefore it may be relevant to global and regional
hydrology.
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Fig. 1. Forest restoration (indicated by arrows) is
defined for purposes of this paper as forest man-
agement activities whose objective is to increase

Annual crops

T Managed forest

Abandoned field == plantation (native or

__— non-native species)

Pasture, grazing

Early succession
of native forest

Partially cleared
or burned forest

Mature and old-
growth forest

forest cover, structure, and/or species composition,
through treatments involving tree regeneration and
removal (see Table 1). Forest restoration may
involve establishment of forest plantations (path 1),
including managed forest plantations that are har-
vested and replanted (path 2), or it may involve
establishment of native forest (path 3). Bold font
indicates forest types and bold arrows indicate for-
est restoration efforts whose hydrological properties
have been well studied and form the basis for this
review of forest restoration effects on hydrology.

2

Table 2

Management practices for forest restoration involve combinations of planting
and cutting of trees in sites that were previously not forested, or had different
vegetation structure or species than desired. Planting options include planting of
native or non-native tree species, or no planting. Cutting options include various
practices (e.g., clearcut, shelterwood, selection, thinning), removal of non-
native tree species, or no harvest. Effects of restoration on forest hydrology
have been studied for (a) managed non-native forest plantations (e.g., Brazil,
Chile; Ferraz et al., 2019; Iroumé et al., 2021), (b) reforestation with non-native
species (e.g., Loess Plateau, China; Yu et al., 2020, Zhang et al., 2020b), and (c)
native forest restoration involving planting of native tree species, natural
regeneration of native tree species, and removal of non-native species (Chile;
Lara et al., 2021).

Tree planting

Tree cutting None
Repeated clearcuts or
other silvicultural

practices
Removal of non-

native species
None

Non-native species
Managed non-
native forest
plantation®

Native species
Managed native
forest plantation

Native forest
restoration

Native forest
restoration®
Native forest
restoration

Native forest
restoration

Reforestation with
non-native speciesb

3.1. Global scale

Forests play a key role in the global hydrologic cycle by partitioning
precipitation into evapotranspiration and water to runoff or soil storage.
Globally, isotope analysis indicates that terrestrial evapotranspiration,
including interception, transpiration, and soil evaporation represent
72% of terrestrial precipitation. Transpiration is 64 + 13% of evapo-
transpiration, soils are the source of 65 + 26% of evaporation, and only
38 + 28% of surface water is derived from the plant-accessed soil water
pool (Good et al., 2015). Global-scale hydrologic modeling indicates
that vegetation change accounts for 31 + 23% of the change in global
runoff from 2000 to 2010 (Wei et al., 2018). These studies imply that
forest restoration could play an important role in the global hydrologic
cycle.

Despite this potential, the total area of forest restoration is small
relative to the global area affected by forest management and forest
change. Globally, restoration efforts have resulted in approximately 300
million ha (3 million km?) of restored forests, based on data reported by
individual countries to the Global Forest Resource Assessment of the U.
N. Food and Agriculture Organization (de Jong et al., 2021). However,
analysis of global satellite imagery indicates that forest loss or gain
affected 2.3 million km? of forest from 2000 to 2012 (Hansen et al.,
2013). In other words, the global forest restored over multiple decades is
roughly equivalent to the global forest change in just over a decade, and

most new forests are plantations destined to be harvested. Global forest
loss is associated with population growth, agricultural expansion, and
harvest of wood for fuel and export, especially in less developed coun-
tries and in the tropics (Allen and Barnes, 1985; Hansen et al., 2013).
Given these numbers, managed forest plantations are the dominant
form of contemporary forest restoration that affect hydrology at the
global scale. Globally, afforestation (i.e., establishment of forest on
previously non-forested land) is associated with reductions in water
yield, especially in plantations of non-native species such as Eucalyptus
(Farley et al., 2005; Filoso et al., 2017). Planted forests had higher water
consumption than native forests in China (Yu et al., 2019). Managed
forest plantations of non-native species have been associated with water
yield reductions in South America (Jones et al., 2017). Native pine
plantations reduced water yield compared to native deciduous forest in
the southeastern U.S. (Swank and Douglass, 1974), and plantations of
native conifer species reduced summer low streamflow compared to
native mature and old-growth forest in the Pacific Northwest of North
America (Perry and Jones, 2017; Segura et al., 2020; Gronsdahl et al.,
2019; Crampe et al., 2021). Results of plot- and watershed scale studies
indicate that forest restoration using managed forest plantations may
reduce water yield at the global scale (Jackson et al., 2005). Models
indicate that if the total global area of forest restored to date (i.e., 300
million hectares) were tripled (i.e., to 900 million hectares), this could
increase water availability by up to 6% in some regions, while
decreasing it by up to 38% in others (Hoek van Dijke et al., 2022).

3.2. Regional to continental scale

Forest landscape restoration may affect hydrology at regional to
continental scales (Dudley et al., 2005; Dudley and Stolton, 2005:).
Perhaps the largest forest restoration effort on Earth has occurred in
China >40 million hectares were reforested starting in the 1980s.
Regional-scale forest restoration in China decreased not only surface
runoff, soil erosion, and flooding, but also annual water yield and water
supply (Huang et al., 2003; Yu et al., 2020; Zhang et al., 2020a).
However, reforestation had varying effects on low flows. Reforestation
increased low flows in energy-limited areas of China (Zhou et al., 2010),
did not affect low flows in the sub-tropics (Liu et al., 2015) and
decreased low flows in the semi-arid Loess Plateau of China (Mu et al.,
2007; Fu et al., 2017; Wu et al., 2019). Overall, the multi-decade
experience in China reveals how climate limits the potential for forest
restoration (Liu et al., 2021) and demonstrates that regional-scale forest
restoration may exacerbate water scarcity, particularly in drylands
(Feng et al., 2016).

On the other hand, regional increases in forest cover and evapo-
transpiration may lead to increased rainfall via precipitation recycling,
effects that are not captured by plot- and watershed-scale studies
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(Ellison et al., 2012, 2017; Creed et al., 2019). For example, deforesta-
tion in coastal West Africa (Aleman et al., 2018) may have reduced
downwind precipitation in the Sahel (Abiodun et al., 2008; Ellison and
Speranza, 2020). Proposed mechanisms for precipitation recycling
include enhanced atmospheric moisture and thermal convection that
raise the atmospheric boundary layer above forests and may produce
higher observed cloud cover over forests than over surrounding areas
(Pielke, 2001; Teuling et al., 2017). A global analysis of remotely sensed
imagery indicates that afforestation generally leads to an increase in low
cloud cover over most of the world, especially in the warmer months of
the year (Duveiller et al., 2021). Simulations using the Budyko frame-
work indicate that forest restoration and precipitation recycling may
have offset increases in evapotranspiration in reforested areas of the
Loess Plateau of China (Gao et al., 2017). Simulations from a coupled
land atmosphere model indicate that effects of vegetation on hydrology
are highly variable across China (Li et al., 2018). Model simulations
using the Budyko framework confirm this variability at the global scale,
and most changes were small: 89% (without recycling) and 91% (with
recycling) of the data fall within the range of ~20 to + 10 mm yr~! (Hoek
van Dijke et al., 2022). More research is needed to illuminate how
reforestation influences regional climate processes.

(a) Mature and old-growth forest

(b) Early succession of native forest
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4. Catchment, stand, and plot-scale effects of forest restoration
on hydrology

Forest restoration produces varied effects on hydrology, depending
on the forest restoration practices, prior land use and land cover, and the
duration of restoration (Fig. 1). Most existing forest restoration efforts
fall into three categories of management: (1) transitions to managed
forest plantations of native or non-native species from land abandoned
after prior agriculture or grazing or from partially cleared or burned
forest, (2) the continuous management of forest plantations of native or
non-native species, or (3) transitions to the early stages of native forest
from land abandoned after prior agriculture or grazing or from prior
forest plantations (Fig. 1).

Forest restoration effects on hydrology can be understood by syn-
thesizing the broad forest hydrology literature on three forest condi-
tions: (1) mature or old-growth forest, which is the reference for many
contemporary forest restoration efforts, (2) managed forest plantations,
which exemplify one approach to forest restoration; and (3) early stages
of native forest growth, which exemplify an alternative approach to
restoration. These three types of forest differ in their water budget
components, including canopy interception, transpiration, infiltration
and percolation, and shallow and deep moisture storage (Fig. 2).

In general, the forest hydrology literature indicates that mature and
old-growth native forests have relatively high canopy interception,
evaporation, and transpiration (i.e., high evapotranspiration), high

(c) Managed forest plantation

Fig. 2. Generalized stand structure diagrams and associated components of the water budget at event to interannual time scales in three forest types that are relevant
to restoration: (a) mature and old-growth forest, the reference model for ecological restoration, (b) early native forest succession, an increasingly popular,
ecologically-oriented approach to forest restoration, and (c) managed forest plantation, characteristic of early efforts for forest restoration. Arrow thickness indicates
magnitude of a process. ET = evapotranspiration (transpiration and evaporation from the canopy and soil), including of water intercepted by the canpy, IP =
infiltration and percolation into the soil, SSM = shallow soil moisture in the rooting zone, DSM = deep soil moisture/ shallow groundwater, PF = peak flows, BF =
base flow. Managed forest plantations (both native and non-native species) have higher ET, lower IP, and lower SSM, DSM, PF, and BF than mature and old-growth
forest (evergreen or deciduous, broadleaf or needleleaf). Early stages of native forest succession may have lower ET, higher IP, SSM, and PF, and lower DSM and BF
than mature and old-growth forest, but higher IP, SSM, DSM and BF than managed forest plantations.
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infiltration and percolation of moisture, moderate storage of water in
shallow soils, and fairly abundant storage of water in deep soils, which
moderate peak flows during extreme storm events and sustain low flows
during dry periods (Fig. 2 a). These attributes may form part of the
“reference model” for contemporary forest restoration (see Section 2).

Compared to mature and old-growth native forests, the forest hy-
drology literature indicates that early stages of native forest succession
have lower canopy interception and less transpiration, hence less
evapotranspiration, more infiltration, and greater storage of water in
shallow soils, which contribute to elevated peak flows during extreme
storm events, although effects vary depending on understory and over-
story forest structure (Fig. 2 b). Compared to mature and old-growth
native forests, managed forest plantations have higher evapotranspira-
tion resulting from higher canopy interception, evaporation, and/or
transpiration, less infiltration and percolation, and less storage of water
in shallow and deep soils, which contribute to reduced water yield
(Fig. 2 ¢). Many of these findings have emerged from decades of
catchment and forest hydrology studies spanning many forest types and
climates (e.g., Bosch and Hewlett, 1982; Brown et al., 2005; NRC, 2008;
Sebestyen et al., 2019).

4.1. Streamflow

Many catchment studies have examined the hydrologic response of
establishment of managed forest plantations (e.g., arrows labeled 1 and
2 in Fig. 1). For example, in South Africa, catchment studies starting in
the 1930s clearly demonstrated that conversion of grassland and native
shrubland to plantations of non-native Eucalyptus grandis and pine (Pinus
radiata, Pinus patula) significantly reduced streamflow within 3 to 6
years of plantation establishment (Scott et al., 2000, Slingsby et al.,
2021). A catchment study (2008-2019) in south central Chile demon-
strated that multiple decades of forest plantations of non-native fast-
growing species (Pinus radiata, Eucalyptus spp.) at various stages of
growth reduced streamflow by up to 87% of mean annual precipitation
(1381 mm) (Iroumé et al., 2021).

Catchment studies of the effect of native forest restoration are rare
and recent. A 14-year paired catchment experiment in south central
Chile (mean annual precipitation = 2500 mm) demonstrated that
clearcutting of Eucalyptus plantations, planting of native trees, and
fostering natural regeneration increased annual streamflow and base
flow during the first nine years of restoration (Lara et al., 2021). In
experimental catchments in southern Brazil, planting of native tree
species in part of one catchment maintained streamflow in the first two
to three years (Ferraz et al., 2021), in contrast to fast-growing Eucalyptus
species which reduced streamflow in the first few years of growth
(Forrester et al., 2010; Liu et al., 2017; Iroumé et al., 2021).

4.2. Canopy interception, evaporation, throughfall, and stemflow

Forest restoration aims to increase canopy cover, which may also
increase canopy interception of precipitation, cloudwater, or fog.
Intercepted water may be evaporated from the canopy (often called
“interception loss™), but fog and cloudwater interception may produce a
net “interception gain”. Intercepted water may become throughfall or
stemflow, augmenting soil moisture and potentially increasing stream-
flow (Fig. 2). Hence, forest restoration may increase evapotranspiration
or streamflow, or both.

Despite a century of study of canopy interception, the underlying
physical processes, atmospheric conditions, and canopy characteristics
that affect interception are poorly understood (Stoy et al., 2019; van Dijk
et al., 2015). Global modeling indicates that interception is high and
spatially variable in regions with high precipitation and dense vegeta-
tion cover such as tropical rainforests, and relatively high in regions
with low precipitation and high vegetation cover (Zheng and Jia, 2020).
Canopy interception accounted for approximately 21% of precipitation
at a wide range of forests in Chile (Soto-Schonherr and Troumé, 2016),
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25% in a savannah ecosystem in Zimbabwe (Tsiko et al., 2012), and up
to 18% in a beech forest in Luxembourg (Gerrits et al., 2010).

Canopy interception varies with precipitation; for example, it
declined from 80% to 10% of precipitation as event size increased from 5
to 80 mm in forests in China (Liu et al., 2018). It also varied with forest
stand characteristics including density, uniformity of crown structure
and understory, and leaf area index in studies in Chile, Germany,
Luxembourg, and Japan (Blume et al., 2022; Crockford and Richardson,
2000; Gerrits et al., 2010; Liu et al., 2018; Oda et al., 2021; Soto-
Schonherr and Iroumé, 2016). Canopy interception varies among tree
species and individuals because of differences in leaf, branch, and bark
morphology (Carlyle-Moses et al., 2010; Sadeghi et al., 2015; Alves
et al., 2018; Magliano et al., 2019). Interception was 5% during the
leafless period and 18% during the leaf-on period in a forest in
Luxembourg (Gerrits et al., 2010). Clearcutting reduced interception by
17% of precipitation relative to the pre-cutting period in a forest in
Japan (Oda et al., 2021). Interception depended on both overstory (oak)
and understory (bamboo) vegetation in a forest in Japan (Abe et al.,
2017), and on tree structure as well as grass beneath a mature tree of the
native species Brachystegia spiciformis in Zimbabwe (Tsiko et al., 2012).
Heat energy stored in the canopy and advective heat exchange (i.e.,
wind) also affected interception during drought in semi-deciduous
Atlantic Forest in Brazil (Rodrigues et al., 2021). Both the structure of
the canopy and air temperature influenced canopy interception of snow
in maritime conifer forests of Oregon, USA (Roth and Nolin, 2019) and
in mixed-species and evergreen secondary forests in northeast China (Ge
et al., 2022).

Different types of forest restoration affect canopy interception
differently. In the early stages of forest succession, for example in
planted or naturally regenerating native forest restoration, canopy
interception is low (Fig. 2 b). Nevertheless, rainfall interception rates in
10-year-old restored native riparian forests in the Brazilian Atlantic
Forest (21 + 4% of precipitation) were similar to those of mature
tropical forests (Gardon et al., 2020). Regeneration of tropical montane
cloud forests increased cloudwater interception and streamflow in Bra-
zilian Atlantic forest (Teixeira et al., 2021). Canopy interception and
evaporation may be high both in managed forest plantations and in
mature and old-growth forests (Fig. 2 a, ¢). In northern China, inter-
ception rates were highest in forest with relatively tall, large-diameter
trees with high leaf area, vertical heterogeneity, and structural
complexity (Liu et al., 2018). Interception ranged from 15 to 28% of
precipitation in plantations of non-native Eucalyptus grandis, Pinus
patula, and Acacia mearnsii in South Africa (Bulcock and Jewitt, 2012).
Canopy interception was higher in non-native pine plantations (23% of
precipitation) compared with native Banksia spp. forest (16% of pre-
cipitation) in subtropical coastal Australia (Fan et al., 2014).

Thinning of forest plantations may be a tool for forest restoration
because it may reduce interception loss. Thinning increased throughfall
and soil moisture in a plantation of Aleppo pine in Spain (Molina and del
Campo, 2012, Del Campo et al., 2019), in a plantation of deciduous
coniferous larch in the Loess Plateau of north central China (Xu et al.,
2020), and in a plantation of deciduous Robinia pseudoacacia in north-
west China (Ma et al., 2020). Thinning also increased streamflow in
plantations of Radiata pine in Chile, in plantations of native Douglas-fir
in the Pacific Northwest of the US, and in plantations of native lodgepole
pine in interior British Columbia, Canada, but these increases were
transitory as enhanced growth of remaining trees took up additional
moisture (e.g. Perry and Jones, 2017; Wang et al., 2019; Iroumé et al.,
2021).

4.3. Transpiration

Forest restoration may aim to both increase transpiration through
increasing forest cover on previously less-forested or un-forested land, or
to decrease transpiration by modifying managed forest plantations to
reduce their water use. Models indicate that global transpiration is
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limited by energy in wet regions, and by moisture in dry regions (Zhang
et al., 2017b). At the global scale, transpiration is estimated to account
for 61 to 64% of evapotranspiration (Schlesinger and Jasechko, 2014;
Good et al., 2015), but at the landscape or forest stand scale, transpi-
ration may represent anywhere from 0 to 100% of evapotranspiration,
and partitioning is difficult to disentangle using models or canopy water
balance measurements (van Dijk et al., 2015; Stoy et al., 2019).

Multiple studies have found that the establishment of forests in non-
forest areas (afforestation) reduces stream flow (Jackson et al., 2005;
Flloso et al., 2017), and these changes are attributed to higher transpi-
ration by rapidly growing, dense forest plantations (e.g., Ouyang et al.,
2018, Iroumé et al., 2021) (Fig. 2 ¢). A meta-analysis of 155 studies of
forest hydrology found that non-native tree plantations increased tran-
spiration losses in most regions of the Andes in South America (Bonne-
soeur et al., 2019).

Silvicultural practices in plantations affect transpiration through
choices of species (Hakamada et al., 2017), tree spacing or density (Chen
et al., 2020), and species composition (Ferraz et al., 2021). Effects vary
with stand age (Forrester et al., 2010; Liu et al., 2017). In year seven of
native forest restoration in Panama, mixtures of two or three native tree
species had more rapid biomass accumulation than monocultures, with
only slightly higher transpiration (Kunert et al., 2012).

4.4. Infiltration, percolation, and moisture storage

Forest vegetation, whether of native forest or managed plantations of
non-native species, contributes litterfall and produces a network of roots
in the soil. The litter layer can intercept and temporarily store precipi-
tation, potentially reducing moisture entering the soil (Gerrits and
Savenije, 2011; Bulcock and Jewitt, 2012; Dunkerley, 2015; van Stan
etal., 2017), but it also can inhibit evaporation from soil, enhancing soil
moisture (Villegas et al., 2010). Tree roots may promote infiltration.
Infiltration, hydraulic conductivity, and soil moisture increased with
time since regeneration of native dryland forest in Brazil (Leite et al.,
2018; Pereira et al., 2021) and in tree fallows in Madagascar’s eastern
rainforests (van Meerveld et al., 2021).

Reviews of published studies indicate that planted forests have
relatively high infiltration rates, though not as high as reference (native)
forests (Bonnesoeur et al., 2019; Lozano-Baez et al., 2019). Tree roots
also create macropores which promote percolation of water to deep soil
moisture. However, few studies of forest restoration have measured soil
properties that affect water movement directly (Lozano-Baez et al.,
2021). Many studies indicate that managed forest plantations deplete
deep moisture storage and reduce base flow and water yield, especially
during dry seasons or dry periods (e.g., Bruijnzeel, 2004; Iroumé et al.,
2021). Annual water yield and dry season base flow recovered gradually
over nine years of early native forest establishment in a restoration
experiment in south central Chile (Lara et al., 2021).

In summary, forest restoration may produce a wide range of effects
on hydrology, including increased infiltration, groundwater recharge,
and water yield in early stages of forest growth (e.g., prior to canopy
closure), but in later stages (e.g., after canopy closure) continued in-
creases in evapotranspiration may reduce infiltration, groundwater
recharge, and water yield (Ilstedt et al., 2016; Ellison and Speranza,
2020). More research is needed to quantify long-term hydrologic effects
of forest restoration practices.

5. Practical strategies of forest restoration for hydrologic
benefits

Management practices for forest restoration involve combinations of
planting of trees in sites that were previously not forested, or had
different types of forest than desired, followed by management
including no harvest, or thinning, or clearcut harvest, and/or removal of
non-native tree species (Table 2, Fig. 1). Early forest restoration efforts
involving managed forest plantations provided local hydrologic benefits
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such as increased infiltration and reduced overland flow and erosion,
but they also reduced streamflow, which is considered an adverse effect
of restoration. Thus, contemporary forest restoration efforts may aim to
produce sustained water yields, including sustained flows during dry
periods. Forest restoration to achieve hydrologic benefits requires
consideration of the geography, ecology, and history of the site and the
selection of specific management practices.

5.1. Geography, ecology, and history

The geography, ecology, and history of a site influence hydrologic
processes. Climate, geology, relief, soil type, and soil depth control
water and carbon cycling, define life zones and biomes, and limit pri-
mary productivity (e.g., Lieth, 1975, Post et al., 1982). Because they
cannot be altered by forest management or forest restoration on human
time scales, these characteristics must be recognized and respected in
order to set realistic expectations of hydrologic benefits and to minimize
the risk of adverse effects from forest restoration (Ferraz et al., 2013).

Prior land use and land cover are important considerations, because
they influence how forest restoration affects hydrologic benefits (e.g.,
Lozano-Baez et al., 2018). If a site was previously forested, knowledge of
the prior forest ecosystem, past land cover and land use, and the in-
tensity and duration of past land uses are relevant for constructing the
“reference model” for restoration (McDonald et al., 2016). Restoration
practices to provide hydrologic benefits should consider factors associ-
ated with past land use such as the truncation of soil profiles from prior
agriculture, sprouting of residual non-native species, invasion of non-
native species from nearby areas, or depletion of seed sources from
loss of nearby native forest.

The hillslope position of the site — ridgetop and upper slope, middle
slope, lower slope, or valley floor — also is relevant for forest restoration
planning for hydrology. Upper hillslopes play important roles in infil-
tration, and they supply water to lower portions of hillslopes and valley
floors. Middle slopes may have higher rates of overland flow and
erosion, while lower portions of hillslopes and valley floors collect and
deliver water and sediment in riparian areas to streams, influencing the
aquatic ecosystem.

5.2. Management practices

Many early forest restoration efforts involved conversion of aban-
doned agricultural or grazing land, or partially cut or burned forest, into
managed, non-native forest plantations or reforestation with non-native
species (Table 2). Management decisions that affect hydrology include
the choice of species, spacing of planting, and silvicultural practices such
as type of harvest, thinning, and length of rotation. Non-native Euca-
lyptus, pine, locust, Douglas-fir, and other species have been widely
planted in even-aged relatively short-rotation plantations in areas where
they are not native. Rapid growth of these plantations often is associated
with increased interception and reductions in soil water and water yield
(Fig. 2 c) (e.g., Robinson et al., 2006; Liang et al., 2018). Hence, there is
considerable interest in alternative management practices to improve
water conservation in plantations of non-native tree species. Possible
management techniques that may increase water yield include
increasing the proportion of native forest in the landscape, confining
intensive non-native plantation forestry to more moist regions, extend-
ing rotation periods, expanding unharvested riparian buffer zones con-
taining native species, planting less water-demanding species, and
reducing the density of non-native trees to promote colonization by
native species (Paritsis and Aizen, 2008; Ferraz et al., 2013; Little et al.,
2015; Ferraz et al., 2019; Iroumé et al., 2021).

More recent forest restoration efforts involve native forest restoration
(Table 2) with the objective of promoting and sustaining natural pro-
cesses and ecosystems. Native forest restoration may involve fostering of
naturally occurring seedlings and seed sources and/or planting of native
species, with protection from disturbances (e.g., César et al., 2021).
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Native forest restoration may provide increased soil moisture storage
and sustained water yield, but it may require more time to develop forest
cover than plantations of fast-growing non-native trees. Residual fast-
growing invasive tree species may require ongoing removal as a
component of native forest restoration (Table 2). For example, in south
central Chile, native forest restoration involved the clearcutting of
Eucalyptus and was assisted by continued removal of Eucalyptus seed-
lings and sprouts (Lara et al., 2021). Although the planting of native tree
species is relatively costly — including labor, inputs and seedlings —
native forest restoration allows for initial soil amendments, design of
planting to promote water retention, choice of species, and forest
development strategy. In south central Chile, native Nothofagus dombeyi,
an early seral, canopy dominant tree species (Donoso and Lusk, 2007),
was planted, and nearby mature native forest provided seed sources of
many native species, which rapidly restored the species composition
typical of mature forests in the restoration site. These early stages of
native forest restoration increased annual water yield and base flow
compared with prior Eucalyptus plantations (Lara et al., 2021) (Fig. 2 b).

In some forest restoration efforts, forest managers are experimenting
with managed plantations of native forest species (Table 2). These involve
tree planting and perhaps eventual harvest. For example, in experi-
mental plantings in degraded Austrocedrus chilensis forest in the northern
Patagonia of Argentina, survival and growth of seedlings of endemic
A. chilensis and Nothofagus dombeyi were high when canopy cover
exceeded 30% (Caselli et al., 2021). Higher canopy cover and removal of
neighboring vegetation jointly improved survival and growth of
A. chilensis and independently improved survival and growth for
N. dombeyi over three years in both xeric and mesic sites. In Brazil,
biomass accumulation rates were high in intensively managed planta-
tions of native Atlantic Forest species (Brancalion et al., 2019). The
biggest difficulties in restoration using plantations of native tree species
are the high costs involved and the lack of economic return if the trees
cannot be harvested. Although most native forest plantation experi-
ments were primarily designed for biodiversity restoration or carbon
sequestration, long-term experiments may eventually contribute to un-
derstanding how plantations of native tree species influence hydrology.

2In both native forest restoration and managed plantations of native
forest species, mixtures of native and non-native, broadleaved and
needle-leaf tree species may be included (Zheng et al., 2022). In Brazil,
mixtures of Eucalyptus and native tree species provided joint benefits of
wood production and native forest restoration, and provided early in-
come to cover restoration costs (Amazonas et al., 2018). In addition to
decisions about species and silvicultural practices, forest restoration
methods also require attention to building and maintaining soil litter
layers, limiting the use of chemical products, and controlling water use
by vegetation in order to produce hydrological benefits such as
increased soil water storage and sustained streamflow. Climate change
will likely affect decisions about forest restoration design in the future.

6. Tradeoffs

Forest restoration involves tradeoffs among multiple objectives.
Approaches to assessing tradeoffs often involve the concepts of joint
optimization of multiple objectives and the notion of a production
possibility frontier that expresses the maximum shared values among
pairs of objectives (Brown et al., 2005; Vogler et al., 2015; Zhang et al.,
2020b). Forest restoration to meet multiple objectives has also been
described as multi-functional forest restoration (e.g., Cubbage et al.,
2007; van Oosten et al., 2014).

A global survey estimated that despite storing carbon temporarily,
forest plantations reduce global streamflow significantly (Jackson et al.,
2005). Some efforts are underway to manage forest plantations to
reduce water consumption while continuing to produce wood in Brazil
(Cassiano et al., 2022), or to estimate hypothetical trade-offs among
wood production and water yield in south-central Chile (Alvarez-Gar-
reton et al., 2019). However, tradeoffs between water and other
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potential objectives have not been evaluated for most approaches to
forest restoration.

Based on the broad outlines of their objectives and effects on forest
hydrology, it is possible to draw cartoons of idealized tradeoffs among
water and other objectives of forest restoration (Fig. 3). For the purposes
of this approach, the hydrology objective is “consistent water yield,”
provided by a hydrological regime of moderate peak flows and sustained
base flow at the storm to interannual time scale. This approach em-
phasizes the local and downstream hydrologic consequences of forest
restoration. This simple exercise reveals that the tradeoffs between
water and other potential objectives, such as wood production, erosion
reduction, long-term carbon storage, or biological diversity, vary sub-
stantially among three types of restored forests: managed forest plan-
tations, early native forest succession, and mature and old-growth forest.
Mature and old-growth forest is most often located along the production
possibility frontier, indicating that it is viewed as achieving the
maximum possible combinations of objectives, consistent with the
notion that such forests may be the “reference model” for restoration
(Fig. 3). In contrast, managed plantations and early stages of native
forest restoration frequently fall below the production possibility fron-
tier, indicating that they achieve less than is possible of both objectives
being traded off. Managed forest plantations provide more wood pro-
duction than early stages of native forest succession, but they may in-
crease erosion and reduce long-term carbon and biological diversity.
This simple exercise is intended to illustrate how tradeoff curves could
be used, and it is not intended as a summary of the global literature on
actual tradeoffs. In this case, this exercise illustrates that mature and old-
growth forest might achieve higher joint production of water yield,
erosion reduction, biodiversity, and ecosystem carbon storage,
compared to managed plantations or early native forest succession
(Fig. 3). Additional studies of forest restoration effects on hydrology and
other objectives are needed in order to quantify and communicate
tradeoffs.

7. Future research

Forest managers and ecologists need to partner with hydrologists to
improve understanding of forest restoration effects on hydrology. Forest
managers and ecologists can play key roles in conducting research to
determine how specific forest restoration practices, such as choice of
species, silvicultural practices, legacies of past land use, and geographic
setting, affect hydrology, especially the partitioning of precipitation
inputs to evapotranspiration and streamflow under a changing
environment.

Forest restoration and hydrology concerns not only forest manage-
ment and hydrologic science, but also broader issues of societal values
and land use policy. Although the literature on forest plantations and
hydrology is quite extensive, few studies examine native forest resto-
ration and its effects on hydrology, or compare the hydrology of
managed forest plantations, native forest restoration, and mature and
old-growth forests. More work is needed to establish forest restoration
projects using native species in sites where they can be compared to
other forms of forest management. Long-term studies are needed to
document the development of restored forests over decades to centuries,
and large-scale studies are needed to quantify effects of forest restora-
tion on regional precipitation recycling and water availability. Forest
restoration studies should include measurements of physical hydrology,
including streamflow and preferably interception, transpiration, infil-
tration, and soil moisture. More studies are needed to identify the hy-
drologic effects of forest restoration management practices such as
species choice, planting, harvests, or removal, and how the resulting
species composition, stand structure, density, basal area, age-class dis-
tribution, spatial arrangement, and heterogeneity of restored forests
affect the trade-offs between water yield and the production of other
goods and ecosystem services.
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Fig. 3. Idealized, hypothetical tradeoffs for three different forest types between consistent water yield and other forest management objectives including (a) wood
production, (b) long-term carbon storage, (c) reduction of erosion or reduced sediment production, and (d) biological diversity. All values are estimated as averages
over time scales of decades to centuries under a given management regime, based on literature reviewed. Consistent water yield is defined as moderate peak flows
and sustained base flow. Wood production refers to commercial production of timber and pulp. Long-term carbon storage is defined as the amount of carbon stored in
live and dead wood and soils. Erosion reduction is defined as the decrease in sediment production from exposed soil, forest roads, and logging activities, relative to
severe and frequent soil disturbance such as cultivation. Biological diversity is defined as the number of species present. Arc indicates a hypothetical “production
possibility frontier”, i.e., the maximum potential joint production of the two values being traded off. The shape of these frontiers is unknown, and more research is

needed to identify them.
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