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scientists, and media due to their impacts on environment 
conservation and global change. We introduce forestry eco-
engineering and provide a review of their main ecological 
mechanisms for management practices of protective forests. 
Ecological mechanisms for management systems currently 
applied are emphasized, i.e., the theory of protection matu-
rity and phase-directional management; the relationship 
between structure and protective functions and structural 
optimization measures; and, the decline mechanism and 
ecological restoration strategies. In addition, several unre-
solved problems in management practices of protective for-
ests are discussed as well as the prospects for ecological 
mechanisms for management practices of protective forests 
in the future, which include: (1) theories and technologies 
for management practices of protective forests at the land-
scape or regional scale; (2) the decline mechanisms and 
corresponding ecological restoration approaches across 
multiple scales; and, (3) the comprehensive assessment of 
forestry eco-engineering at large-scales based on ecosystem 
principles.

Keywords  Ecologically fragile areas · Ecological 
effects · Forestry eco-engineering · Management systems · 
Assessment of protective forests

Introduction

The protective function is a fundamental effect of forests, 
essential for human well-being (Motta and Haudemand 
2000; Jiang et al. 2003). Generally, all forests have protec-
tive functions in various forms, e.g., contributing to water 
and soil conservation, preventing wind erosion, stabiliz-
ing mobile dunes, improving watershed management, and 
improving air quality (Franklin and Donato 2020). In other 

Abstract  A protective forest, including shelterbelt, wind-
break, and shelter forest as its synonyms, is characterized 
by the protective functions of various forest types distrib-
uted or planted on ecologically fragile areas or nearby the 
objects that need to be protected using the ecological effects 
of forests. Ecological mechanisms for management practices 
of protective forests is one of the disciplinary orientations 
in forest ecology and management. Most protective forest 
studies are dependent on forestry eco-engineering, such as 
the Great Plains Shelterbelt Project in the United States, the 
Great Plan for the Transformation of Nature in the Soviet 
Union, and the Three-North Afforestation Program in China. 
The development of sustainable management of protective 
forests has been given increasing attention by governments, 
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words, forests play an important role in protecting environ-
ments. However, forest resource decline is a severe prob-
lem worldwide, which results in increasing frequency and 
intensity of extreme events such as floods, droughts, high 
temperatures, sandstorms, and freezing damages (Morales-
Hidalgo et al. 2015). In addition, ecologically fragile areas 
also need to be protected by forests (Zhu 2013).

Protective forests are defined as specific forests that are 
planned (for natural forests) or planted on ecologically frag-
ile areas and/or on other areas with natural hazards and or 
adverse climates. Based on the ecological effects of forests, 
they are planned or planted nearby populations or assets 
that need to be protected (Cao 1983; Motta and Haudemand 
2000; Brang et al. 2006; Zhu 2008). Protective forests may 
be divided into shelterbelts (also known as windbreaks) and 
non-shelterbelt forests according to their shapes (Zhu 2013). 
Therefore, constructing protective forests (including plan-
ning and converting natural forests) has been adopted by 
many countries when confronted by natural disasters and 
ecological problems (Zagas et al. 2011). To date, there have 
been many large protective forest projects: the Great Plains 
Shelterbelt Project in the USA (Orth 2007), the Great Plan 
for the Transformation of Nature in the former Soviet Union 
(Brain 2010), and the Three-North Afforestation Program in 
China (Zhu and Zheng 2019). These forestry eco-engineer-
ing projects were initiated by the national authorities and set 
a precedent for establishing protective forests globally (Zhu 
2013). Currently, the eco-engineering of protective forests 
has received increasing attention because of their protective 
benefits and environmental services, including sequester-
ing CO2, considered to be a mitigation strategy for global 
climate change (Nair et al. 2010; Mayrinck et al. 2019; 
Amichev et al. 2020).

To promote healthy development of the eco-engineer-
ing objectives of protective forests, it is necessary to 

summarize the ecological mechanisms for management 
practices of protective forests (EMMPOPF). This review 
documents the state-of-knowledge of these management 
practices and identifies research gaps in EMMPOPF. Sev-
eral key eco-engineering programs of protective forests 
are reviewed, with a particular focus on ecological mecha-
nisms of management systems presently in use. Several 
unresolved problems encountered in management practices 
of protective forests are presented, as well the prospects 
for protective forests in the future. We expect our review 
to contribute to the development of a scientific framework 
and formulation of the best management practices of pro-
tective forests based on ecological mechanisms.

Scope of EMMPOPF

The ecological mechanisms for management practices of 
protective forests (EMMPOPF) is one of the disciplinary 
orientations in forest ecology and management. However, 
it is clearly different from conventional forest ecology and 
management for timber production because protective for-
ests are focused on protective functions (i.e., ecological 
effects). The objective of EMMPOPF is to maintain the 
high efficiency, stability, and sustainability of protective 
functions based on ecological mechanisms (Jiang et al. 
2003; Brang et al. 2006; Zhu 2013). EMMPOPF focuses 
on the theory of protection maturity and phase-directional 
management, the quantitative structure, the relationship 
between structure and protective functions and structural 
optimization measures, and the decline mechanism and 
ecological restoration strategies (Fig. 1).

Fig. 1   Frame of EMMPOPF
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Major eco‑engineering of protective forests

“Protective forest” is a general term for forests that has pro-
tective functions as the basic purpose or objective of man-
agement, including both plantation forests and natural forests 
(Zagas et al. 2011). Generally, protective forests can be clas-
sified by purpose or function such as farmland shelterbelts, 
animal husbandry windbreaks, sand fixation forests, water 
and soil conservation forests, and shelter forests for protect-
ing roads, rail traffic, villages and buildings against ava-
lanche, rockfalls, landslides, and floods (Brandle and Hintz 
1988; Jiang et al. 2003). However, there are various defini-
tions or classifications for protective forests worldwide, as 
they are specifically human-related. For example, protec-
tive forests in Italy and Switzerland are defined as forests 
that have primary functions for the protection of people or 
assets against the impacts of natural hazards (Brang et al. 
2006). In Japan, the forests with management objectives for 
conserving water, preventing debris flow and soil erosion, 
and protecting the environment are classified as protective 
forests (Zhu 2013). In China, protective forests are divided 
into farmland shelterbelts, sand fixation forests, water and 
soil conservation forests, and coastal forests (Cao 1983). 
Most studies related to protective forests are dependent on 
forestry eco-engineering (Jiang et al. 2003; Gardner 2009; 
Zhu 2013) (Table 1 and Fig. 2).

The Great plains shelterbelt project (Roosevelt 
engineering in the USA)

In the United States, following severe and damaging dust 
storms of the 1930s, the newly elected president, Frank-
lin D. Roosevelt, set about searching for solutions to the 
dust bowl on the Great Plains by initiating the Great Plains 

Shelterbelt Project (GPSP, Roosevelt Engineering) in 1935 
(Orth 2007). The GPSP’s mandate was to plant shelter-
belts during 1935−1942 across six Great Plains states, 
with 1,850 km long and 160 km wide covering 30 thousand 
farms to protect crops and wildlife from desiccating winds, 
to intercept blowing snow and sand, and to provide wood 
products (Fig. 2). By 1942, 30,233 shelterbelts had been 
planted, stretching 29,927 km from North Dakota to Texas, 
protecting 30,200 farms of 1.62 million ha (Gardner 2009). 
A survey of shelterbelts in 1944 declared that the GPSP was 
successful, with approximately 80% of the shelterbelts rated 
as good or better (Gardner 2009). However, by 1954, only 
42% were in good condition. Some were removed in the 
1970s as a result of the introduction of irrigation systems 
(Ghimire et al. 2014). Other shelterbelts had died because 
of drought, pests, and grazing (Orth 2007). Despite an edu-
cational campaign and the conservation efforts by the gov-
ernment agencies, the number of shelterbelts on the Great 
Plains has decreased, and the conditions of the remaining are 
deteriorating (Ghimire et al. 2014). Most of the shelterbelts 
in the Great Plains have declined or died due to less manage-
ment and to frequent human and natural disturbances.

The Great plan for the transformation of nature 
(Stalin’s plan in the Soviet Union)

To combat drought, increase soil fertility, curtail soil erosion 
by wind and water, and facilitate the rational use of land, the 
Great Plan for the Transformation of Nature (GPTN), also 
known as Stalin’s plan for the transformation of nature, was 
implemented by the government of the Soviet Union in 1948 
(Brain 2010; Shaw 2015). The GPTN’s goal was to establish 
5.7 million ha of forests in southern Russia (Fig. 2), in which 
their centerpiece was to be eight enormous shelterbelts 

Table 1   Overview of major forestry eco-engineering programs world-wide

Programs Countries Duration Scope (× 104 km2)

The Great Plains Shelterbelt Project USA 1935−1942 18.5
The Great Plan for the Transformation of Nature Russia 1949−1965 560
The Forestry and Water Conservation Projects Japan 1954–1983 38
The Green Dam Project in Five Countries in North Africa Algeria, Egypt, Libya, 

Morocco, and Tunisia
1970–1986 2.25

The Green Plan Canada 1970−2000 49
The Social Forestry Program India 1973−2012 56
The Three-North Afforestation Program China 1978−2050 406.9
The National Forestation Program Philippine 1986−2015
Shelterbelt Systems in the Middle and Upper Reaches of the Yang-

tze River Basin
China 1989−2029 220.61

The Natural Forest Conservation Program China 1998−2050 41.33
The Project Returning Farmland to Forestry China 1999−2050 7.13
The Beijing-Tianjin Sandstorm Control Program China 2001−2012 45.8
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totaling 5320 km in length and covering 118,000 ha; it is 
also called the state-centered farmland shelterbelt program 
(Brain 2010). The GPTN intended to plant forests across 
16 provinces and 204 districts, over an area equal to that of 
Britain, France, Italy, Belgium, and the Netherlands com-
bined, and was scheduled to be completed by 1965. More 
than 2.87 million ha of shelterbelts had been planted by 
1953, and the number increased to 5.0 million ha in 1987, 
which protected one million ha of pasture and 40 million 
ha of farmland. Annual grain production was improved by 
40−45 million tons with the protection of these shelterbelts 
(Josephson 2019). However, most of the shelterbelts have 
now died due to the lack of management and the change of 
the former Soviet Union (Shaw 2015).

The Forestry and Water Conservation Projects 
in Japan

Water and soil losses, debris flows, landslides, and other 
natural hazards occur frequently in Japan, especially follow-
ing the Second World War, aggravated due to extensively 
destroyed forests. The Forestry and Water Conservation 
Projects (FWCP) were initiated in 1954 and lasted until 
1983 (Fig. 2). During 1954 and 1963, most of the protective 
forests had been planted or classified from natural forests 
for controlling soil losses; the water conservation forests 
had been established during 1964 and 1973. With rapid 
urbanization from 1974−1983, the healthy urban and water 

conservation forests had been established. From 1984−1991, 
concrete dams had been constructed in mountainous areas 
prone to natural hazards for preventing erosion and stop-
ping unstable sediments. By 2008, the area of the protective 
forests accounted for 31.4% of the total area of Japan, with 
various protective forest networks. Water and/or soil conser-
vation forests are the primary protective forests, accounting 
for 90% of the total area of protective forests. More than 
70% of the protective forests are state-owned, but a lack of 
management results in lower protective functions (Iwasaki 
et al. 2019).

The Three‑North Afforestation Program and other 
forestry eco‑engineering programs in China

Protective forests have been planted for more than 100 years 
because of ecological stresses in the country (Cao 1983). 
Large-scale protective forest programs were started from 
the founding of the People’s Republic of China (Song et al. 
2020). For protection against severe natural hazards and 
solving ecological problems such as desertification, sand/
dust storms, and water and soil losses in the Northeast, 
North, and Northwest (Three-North), the world’s largest 
protective forest project, the Three-North Afforestation Pro-
gram (TNAP) was initiated in 1978, and is ongoing to 2050 
(Zhu and Zheng 2019). The TNAP was initially planned to 
be implemented across 551 counties of 13 provinces in the 
Three-North region, with an east–west length of 4480 km 

Fig. 2   Distribution of well-known forestry eco-engineering
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and a south-north width of 560−1460 km (a total area of 
4.07 million km2, covering 42.4% of China’s entire territory) 
and covering more than 95% of wind-blown sandy areas 
and 40% of water and soil loss areas (Fig. 2). The affor-
ested area of TNAP is expected to be 37.3 million ha. After 
40 years (1978−2017) of implementation of TNAP, the area 
of sand fixation forests increased by 154%, and water and 
soil conservation forests by approximately 69% (Zhu and 
Zheng 2019). After TNAP, a series of forestry eco-engineer-
ing projects such as Shelterbelt Systems in the Middle and 
Upper Reaches of Yangtze River Basin (SSY), the Natural 
Forest Conservation Program (NFCP), the Project of Return-
ing Farmland to Forestry (PRFF), and the Beijing-Tianjin 
Sandstorm Control Program (BTSCP) have been initiated 
and carried out.

In addition to the protective forest projects or forestry 
eco-engineering programs mentioned above, other protective 
forest projects have been implemented such as the Green 
Dam Project of the Five Countries in Northern Africa (Alge-
ria, Egypt, Libya, Morocco, and Tunisia) (1970−1986), the 
Social Forestry Program in India (1973−2012), the National 
Forestation Program in the Philippines (1986−2015), and 
the Green Plan in Canada (1970−2000) (Table 1). These 
eco-engineering programs of protective forests have sig-
nificantly increased forest resources and played key roles 
in protecting populations from natural hazards, increasing 
crop yields, and improving ecological environments (Orth 
2007; Brain 2010; Zhu and Zheng 2019). However, there are 
numerous issues of low afforestation rates, severe dieback 
or decline, and low quality which negatively affect the pro-
tective functions (Burke et al. 2019; Zhu and Zheng 2019). 
The absence of management based on ecological mecha-
nisms and both human and natural disturbances aggravate 
these problems. To exert protective functions efficiently and 
continuously, it is urgent to manage protective forests based 
on theories and technologies of ecological mechanisms for 
management of protective forests.

Ecological Mechanisms for Management Practices 
of Protective Forests (EMMPOPF)

The major goal of protective forest management is to ensure 
efficient and effective protective functions over as long a 
period as possible (Brang et al. 2006; Zhu 2008). Therefore, 
management practices are to maintain forest stability in pro-
viding reliable, continuous protective functions in keeping 
the optimum structure and vitality in the face of internal and 
external influences based on ecological mechanisms (Motta 
and Haudemand 2000). Since the late 1970s, with the devel-
opment of reform and opening up, China has established the 
largest area of protective forests worldwide, which promotes 
the rapid development of EMMPOPF study. Particularly, in 

the past four decades, the theory and technology of protec-
tive forest management based on ecological mechanisms 
have been substantially developed (Jiang et al. 2003; Zhu 
and Zheng 2019).

Theory of protection maturity of protective forests 
and phase‑directional management

Theory of protection maturity of protective forests

Forest maturity, including technical, quantitative, economic 
and regeneration maturity, are core objectives of timber for-
est management. Likewise, protection maturity is the prin-
cipal aim of protective forest management (Jiang et al. 2003; 
Zhu 2013). Several studies suggest that the protection matu-
rity of protective forests was quantitative maturity (Chavasse 
1982). Other studies defined protection maturity as the state 
where the protective function is at its peak (Bayoumi 1977). 
For instance, Stange (1996) considered the protective func-
tion maximized its value as protection maturity. Obviously, 
the quantitative maturity or maximum protective function 
is appropriate for timber forest management but is not fully 
suitable for the management of protective forests. Therefore, 
Jiang et al. (2003) proposed that the protection maturity of 
protective forests should be defined as “a state of protective 
forests which achieve effective and complete protection for 
the objects needed to be protected during their development 
of growth”. The duration of protection maturity is deter-
mined by the starting and ending points, defined as the ini-
tial protection maturity age (IPMA) and terminal protection 
maturity age (TPMA), respectively. The goal of management 
practices is to maintain the duration of protection maturity 
as long as possible (Fig. 3).

Phase‑directional management

Determination of the phases of growth and development 
(PGD) of forests is an important basis for management and 
has a direct influence on management practices (Jiang et al. 
2003). Likewise, the division of PGD of protective forests is 
vital for management practices. Some studies reported that 
the PGD of protective forests could be divided into juvenile, 
middle age, near-mature, mature and over-mature phases 
based on variations in the relationships between trees and 
environment (Pisarenko et al. 2001). However, other studies 
have divided the PGD into different phases (management) 
according to protective functions (Wang et al. 2000; Mize 
et al. 2008), e.g., the formation of stands, initial protection, 
protection maturity, and decline of protection phases. To 
meet the special demands for achieving the state of pro-
tection maturity as soon as possible and as long as pos-
sible (Fig. 3), protective forest management practices can 
be divided into three phases by IPMA and TPMA during a 
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rotation: the pre-maturity period, maturity period (duration 
of protection maturity), and regeneration period (Jiang et al. 
2003). The pre-maturity period is determined from reforesta-
tion, afforestation or planning of protective forests up to the 
IPMA phase. The aim during this period is to achieve pro-
tection maturity or reach IPMA as soon as possible. Tending 
techniques, e.g., weed clearing, soil cultivation, irrigation, 
fertilization, intercropping, and branch pruning, should be 
undertaken to accelerate the development of protective for-
ests. In the maturity period or the duration of protection 
maturity (during IPMA and TPMA), tending techniques, 
e.g., thinning and pruning, should be carried out to maintain 
a reasonable structure for providing optimum protection. The 
final regeneration period is determined according to regener-
ation patterns and protection aims, perhaps from the TMPA 
phase to the natural maturity of protective forests, in which 
the objective of management is to accelerate regeneration 
and recover the protection maturity. Thus, selective cutting, 
shelterwood cutting, and natural regeneration with artificial 
promotion of regeneration should be operated timely (Zhu 
2013) (Fig. 3). Overall, the management practices of protec-
tive forests are directional-toward accelerating or retaining 
the protection maturity through the three phases. The theory 
and technical measures mentioned above are mainly appli-
cable to protective forest plantings, but the principles for the 
management of natural protective forests are similar to those 
applied to planted protective forests (Zhu 2013).

Quantitative structures and their relationships 
to protective functions and structural optimization 
measures

As with other ecosystems, the structure of protective for-
ests determines the protective functions. Structure is con-
sidered as the distribution patterns of stems, branches, and 
leaves in a protective forest stand or a shelterbelt, which is 

determined by species, composition (tree, shrub, and grass), 
tree arrangement patterns, and parameters such as diameter 
at breast height, height, age, and stem densities (Zhu 2013; 
Thuyet et al. 2014). How to define the structure parameters 
of protective forests and how to use them in management 
practices to meet various objectives are key research com-
ponents in EMMPOPF.

Quantitative structures of shelterbelts and their 
relationships between protective functions

The most commonly applied descriptor of the shelterbelt 
structure is porosity (Kenney 1987; Loeffler et al. 1992; 
Zhou et al. 2002), defined as the ratio or percentage of pore 
space to the space occupied by tree elements. It reflects a 
three-dimensional aerodynamic structure of a shelterbelt 
(Cao 1983; Zhou et al. 2005) that affects the turbulence 
levels in and around the shelterbelt. Because it was nearly 
impossible to measure the aerodynamic porosity of a shel-
terbelt physically, much effort has been directed toward 
finding an alternative measurement of porosity, i.e., opti-
cal porosity, a two-dimensional measure of porosity. The 
optical porosity, defined as a simple ratio of perforated 
area to total area on the vertical section of a shelterbelt, has 
been adopted as a descriptor of shelterbelt structures (Ken-
ney 1987; Loeffler et al. 1992; Jiang et al. 2003; Wu et al. 
2018). Optical porosity is a particularly promising alterna-
tive to the aerodynamic porosity of narrow shelterbelts, as 
the optical porosity of narrow shelterbelts is much closer to 
aerodynamic porosity. Besides optical porosity, shelterbelt 
height, orientation, length, width, cross-sectional shape (for 
multi-row shelterbelts), and continuity and uniformity are 
the parameters related to shelterbelt structures (Zhu 2008). 
These parameters play different roles in controlling shelter-
belt structures. For example, height is the most important 
factor determining the extent of the protected zone (Zhu 
2008); the effectiveness of a shelterbelt is reduced when 
orientation is not perpendicular to the problem winds; the 
continuity and uniformity influence the shelter efficiency 
(any gap or separation in a shelterbelt will concentrate wind 
flow) (Zhou and Sun 1994; Zheng et al. 2016).

Shelterbelts on farmlands provide favorable microclimate 
conditions for crops (Cao 1983). Most studies show that 
shelterbelts could reduce wind speeds on the leeward side, 
and the reduction depended on the optical porosity, height, 
shape, and width of the shelterbelts (Cao 1983; Brandle et al. 
2004). For example, maximum wind reductions are closely 
related to porosity, with low porosity producing high maxi-
mum reductions (Heisler and Dewalle 1988). Because of the 
favorable microclimate conditions provided by shelterbelts, 
crop yields can increase 10−30% (Cao 1983; Brandle et al. 
2004; Iwasaki et al. 2019). Although a few studies on the 
effects of shelterbelts on microclimates and crop yields at 

Fig. 3   Schematic diagram of the protection maturity of protective 
forests. IPMA: initial protection maturity age; TPMA: terminal pro-
tection maturity age ( modified from Jiang et al. 2003)
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landscape levels have been conducted (Deng et al. 2011; 
Osorio et al. 2019), by Zheng et al. (2016), the influence 
of the protection levels on crop yields in different climatic 
productivity zones at a landscape scale had been quantified. 
They reported that maize yields increased steadily as levels 
of protection increased up to 80%, and decreased thereafter 
in zones with high and middle climatic potential produc-
tivity. However, in the zone with a low climatic potential 
productivity, maize yields increased gradually as the level of 
protection increased up until 50%, remained relatively con-
stant between protection levels of 50−80%, and decreased 
thereafter.

Quantitative structures of non‑shelterbelt forests 
and relationships between protective functions

Stratification is a useful tool for defining vertical structures 
of non-shelterbelt forests (Thuyet et al. 2014). Similarly, 
stratification porosity defines the distribution of pores cal-
culated vertically, i.e., cutting a non-shelterbelt forest into 
many slices (similar to computed tomography images) in 
the vertical direction and computing the porosity (Zhu et al. 
2003). Stratification porosity has a similar definition to that 
of shelterbelt porosity (the ratio of the perforated space 
to the space occupied by tree stems, branches, twigs, and 
leaves, from the top of a non-shelterbelt forest to a hori-
zontal plane above a given height). Optical stratification 
porosity (OSP), a two-dimensional metric determined from 
non-shelterbelt forest silhouettes in a vertical section, is the 
alternative to the stratification porosity (Zhu et al. 2003). 
The OSP represents the proportion of the sky hemisphere 
not obscured by tree elements downward to a horizontal 
plane at a given height inside a non-shelterbelt stand. An 
individual OSP is determined as the ratio of the pore area 
to the total area using non-shelterbelt forest silhouettes in 
a vertical direction on a horizontal plane at a given height. 
As a descriptor of vertical forest structure, the OSP has the 
potential to describe the distribution of light, airflow, and 
rainfall inside the non-shelterbelt stand. These factors, in 
combination, determine temperature, humidity, and even soil 
moisture conditions within the non-shelterbelt forests (Zhu 
et al. 2003). Similar to the OSP, canopy cover, closure, and 
gap are frequently used by ecologists and foresters to indi-
cate the vertical projection of canopy (Vales and Bunnell 
1988), which can be derived from the OSP measurement.

Non-shelterbelt forests (e.g., water and soil conserva-
tion forests and sand stabilization forests) play an impor-
tant role in preventing water and soil erosion by intercept-
ing rainfall by the canopy, reducing splash by litter and the 
understory, and limiting soil particle movement by the root 
systems (Zhao et al. 2015) and controlling desertification 
by reducing wind erosion (Wang 2004; Vacek et al. 2018). 
Most studies show that the canopy could intercept 10–40% 

of gross rainfall (Miralles et al. 2010; Li et al. 2017), which 
is influenced not only by rainfall events but also by the OSP, 
vegetation types, stand composition, and stand age. For 
example, canopy interception loss of water and soil conser-
vation forests decreased with increasing the OSP (Limousin 
et al. 2008; Park and Cameron 2008), and natural vegetation 
has a gradually increased effect on water and soil conserva-
tion from natural grasslands to shrubs and trees (Zhao et al. 
2015). In addition, wind erosion control by sand stabiliza-
tion forests was influenced by vegetation coverage, structure, 
and distribution pattern (Vacek et al. 2018). Several studies 
showed that vegetation coverage above a certain threshold 
could protect surface soil, reduce wind speeds, and thus pre-
vent dust entrainment and transport in the process of wind 
erosion (Huang et al. 2001; Amichev et al. 2015). Moreover, 
given the similar vegetation coverage, an evenly scattered 
pattern provides more effective protection from wind erosion 
than a clustered pattern (Dong et al. 1996).

Structural optimization measures based on relationships 
between structures and protective functions

The appropriate spatial arrangement, adequate biodiver-
sity, and ecosystem stability of protective forests can maxi-
mize protective functions (Zhu 2008; Jose 2012). Structure 
optimization for protective forests is the process whereby 
optimum structures are selected and maintained (Cao 1983; 
Thuyet et al. 2014; Wu et al. 2018).

Structural optimization measures for  shelterbelts  When 
considering shelterbelts, the estimation of optical porosity 
is generally determined by the digital image method (Ken-
ney 1987; Jiang et al. 2003). Optical porosity can change the 
behavior of wind passing through a shelterbelt and further 
influence the protection distance (Brandle and Hintz 1988; 
Zhu 2008). Therefore, the optimum optical porosity can 
be determined by establishing relationships between opti-
cal porosity and wind speed reduction (Jiang et  al. 2003; 
Wu et  al. 2018). There is considerable variation in opti-
mum optical porosity which might be caused by differences 
in shelterbelt composition, the effects of thermal instabil-
ity in the field, and the types of instruments used (Cao 
1983). Most studies have demonstrated that optimum opti-
cal porosity ranged from 0.20−0.40 (Wu et al. 2018), e.g., 
0.25 for poplar shelterbelts in Northeast China (Jiang et al. 
2003), 0.19 for coniferous shelterbelts (Grant and Nick-
ling 1998), and 0.20–0.35 for forest models in wind tunnel 
experiments (Cornelis and Gabriels 2005). However, few 
studies focus on the relationship between shelterbelt poros-
ity and wind reduction at the landscape or regional levels 
(Zheng et al. 2016). Optical porosity is mainly determined 
by the characteristics of foliage and branches of individual 
trees or shrubs. Therefore, the way to obtain the optimum 
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optical porosity is to modify the tree species or the spacing 
within and between tree rows, or by using other measures 
such as thinning, pruning, and adding shrub borders (Jiang 
et al. 2003). For example, Ge and Bi (2018) investigated the 
optical porosity of poplar shelterbelts in the plain regions of 
Heilongjiang Province, China. They found that more than 
half of the shelterbelts deviated from the optimum optical 
porosity; modifying the species and increasing the propor-
tion of mixed forests were proposed to achieve the optimum 
optical porosity.

Structural optimization measures for  non‑shelterbelt for‑
ests  Similar to the optimum optical porosity of shelter-
belts, the optimum OSP (optimum stratification porosity) of 
a non-shelterbelt forest can be determined by establishing 
relationships between OSP and ecological factors influenc-
ing the protective functions (Zhu et al. 2003). According to 
the definition of OSP, it increases with incremental changes 
of height and attains a maximum value of 1.0 (pore propor-
tion of 100%) when it reaches or surpasses the canopy top.

The distribution of OSP in a vertical direction is based on 
Lambert’s law (Zhu et al. 2003):

where, OSP0 is 1.0 as the measurement starts from the can-
opy top, ν is the extinction coefficient in Lambert’s law, z 
is height within the stand, H is the height of canopy) (Zhu 
et al. 2003).

OSP is related to species composition, the competitive 
relationship, environmental constraints, and disturbances. 
Therefore, the vertical strata of a non-shelterbelt stand can 
be identified using the extinction coefficients obtained from 
OSP measurements. The optimum OSP, defined as vertical 
stratification that could maintain the maximum protective 
effect, varies greatly among various categories of protective 
forests (Zhu et al. 2003), but it can be obtained by thinning, 
pruning, and replanting (Zheng et al. 2012; Yang et al. 2017; 
Song et al. 2020).

Decline mechanism of protective forests and ecological 
restoration strategies

The health and stability of protective forests are the pre-
requisites for carrying out protective functions efficiently 
(Zhu 2013). However, protective forests have declined dur-
ing their growth and development due to various reasons. 
The decline phenomena include dieback, low growth rates, 
mortality, and scarce regeneration (Zhu et al. 2008). There-
fore, mechanism studies corresponding to their decline have 
been conducted (Sun et al. 2018; Masaka et al. 2020; Song 

(1)OSP = OSP0exp
[

−�

(

1 −
z

H

)]

et al. 2020), most focused on planted protective forests, 
e.g., Pinus sylvestris var. mongolica Litv. sand stabilization 
forests (Song et al. 2009), Populus spp. protective forests 
(Arundell and Straw 2001; Ji et al. 2020), and Betula platy‑
phylla Suk. shelterbelts (Masaka et al. 2020).

Decline mechanisms of protective forests

Species incompatible with  site conditions  Matching tree 
species to site conditions is essential for effective manage-
ment practices of protective forests (Cao 1983; Mize et al. 
2008). When the species are unsuitable to the site, poor 
growth, dieback, and ultimately mortality occur. For exam-
ple, decline of some protective forests in the Three-North 
Afforestation Program was the result of mismatching spe-
cies with site conditions (Zhu and Zheng 2019). In addition, 
native species and the zonal climax vegetation types were 
not considered in the selection of species, which also led to 
protective forest decline (Song et  al. 2009). For example, 
large-scale afforestation with P. sylvestris var. mongolica 
on arid and semi-arid sandy lands was in contrast with the 
regional succession climax, sparse wooded grasslands; con-
sequentially, dieback and mortality occurred due to serious 
water stresses (Song et al. 2020).

Lack of  effective management  Effective management of 
protective forests contributes to their stability for provid-
ing protective functions reliably and continuously (Song 
et al. 2009). However, many protective forests are improp-
erly managed due to a lack of management procedures or 
of understanding the management phase. In the pre-matu-
rity period, weeding, pruning, and thinning can acceler-
ate the development of protective forests and achieve pro-
tection maturity earlier. However, no silvicultural steps 
are implemented after afforestation for some protective 
forests, leading to weeds competing for water and nutri-
tion with seedlings or saplings (Jiao 2001) and insufficient 
light conditions. Consequently, the growth of seedlings and 
saplings is limited, even resulting in mortality (Jiang et al. 
2003; Song et al. 2009). In addition, reduction of stem den-
sity should be applied to improve the ecological health of 
protective forests when they are obviously differentiated in 
diameter at breast height; otherwise, poor growth or decline 
occurs (Jiang et al. 2003; Song et al. 2009). In the maturity 
period, major silvicultural thinning and pruning are needed 
to maintain a reasonable structure for optimum protection. 
Untimely thinning or pruning will result in an unreasonable 
shelterbelt structure and reduce optimum protection. For 
example, for higher initial planting density of P. sylvestris 
var. mongolica protective forests in semi-arid sandy lands, 
thinning is not carried out within the maturity period; soil 
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water was excessively consumed and thus the water levels 
became imbalanced and caused dieback and mortality (Zhu 
et  al. 2008; Song et  al. 2020). In the regeneration period, 
if the protective forests are clear-cut, there are no protec-
tive functions. Therefore, selective and shelterwood cutting 
and natural or artificial regeneration may be expected (Jiang 
et al. 2003).

Natural disturbances  Natural events such as drought, 
extreme temperatures, pests, and disease play key roles in 
forest ecosystem dynamics (Thom and Seidl 2016). Simi-
lar to other forest ecosystems, natural disturbances affecting 
protective forests induce dieback and mortality. One of the 
most critical natural disturbances may be drought induced 
by climate change. The increased frequency and intensity 
of drought and heatwaves at regional or global scales nega-
tively influence the stability and health of protective for-
ests located in arid and semi-arid areas (Song et al. 2020). 
Drought results in water stress and damage to physiological 
processes (e.g., hydraulic failure and carbon starvation) (Jiao 
2001; Sun et al. 2018; Song et al. 2020). Numerous studies 
have linked widespread dieback and mortality of protective 
forests to drought-induced water stress and extreme changes 
in temperature and rainfall (Sun et al. 2018). Additionally, 
extremely high temperatures results in the failure of natu-
ral regeneration in some sand stabilization forests, e.g., P. 
sylvestris var. mongolica; this ectomycorrhizal fungus-
dependent species failed to naturally regenerate because of 
high temperatures causing fungus death within 5 cm of the 
soil surface (Zhu et  al. 2008). Extreme drought and tem-
peratures, and elevated CO2 concentrations are expected to 
magnify pests and disease pressures on protective forests 
(Morales-Hidalgo et  al. 2015). Extended warmth during 
drought periods can drive increased population abundance 
of these biotic agents, allowing them to overwhelm already 
stressed tree hosts (Masaka et al. 2020). Current studies sug-
gest that dieback and mortality of protective forests com-
monly involve multiple and interacting factors, ranging 
from drought to insect pests and diseases (Song et al. 2009). 
In the European Alps, Picea abies (L.) H. Karst-dominated 
mountain forests are particularly vulnerable to dieback and 
mortality under climate change due to the increased risk of 
bark beetle outbreaks and drought (Brang et al. 2006; Lexer 
and Bugmann 2017).

Human disturbances  With increasing in populations, 
anthropogenic disturbances such as deforestation, overgraz-
ing, and firewood collection have become important fac-
tors affecting the stability of protective forests (Song et al. 
2009). Deforestation is a major threat as it results in soil ero-
sion and loss of nutrients, and biodiversity (Zhu and Zheng 
2019). In addition, grazing and surface trampling reduce the 

infiltration of water, increase runoff and erosion (Zhu and 
Zheng 2019), and affect regeneration by damaging seedlings 
(Fischer et al. 2009). Furthermore, firewood collection also 
induces the decline of protective forests (Song et al. 2009) 
because it not only removes nutrients but also increases soil 
evaporation and reduces soil water availability.

Land‑use change  Land-use changes, one of the major 
drivers of environmental change (Schößer et  al. 2010), 
have profound effects on seedling recruitment, tree growth, 
water balances, and long-term stability of protective for-
ests at a landscape scale, further leading to their decline. 
Research on the effects of land-use changes on the decline 
of P. sylvestris var. mongolica (MP) sand stabilization for-
ests has been carried out in southern Horqin Sandy Land, 
Northeast China (Zheng et  al. 2012). These forests, intro-
duced to control erosion in the 1950s, showed dieback and 
decline at the beginning of the 1990s. At the same time, a 
linear decrease in the groundwater table was found during 
1954–2009 (Fig. 4a). Most studies suggest that water stress 
induced the dieback and decline because these forests con-
sumed considerable water resources (Jiao 2001). However, 
the dynamics of land-use changes made the decline process 
clear, i.e., before 1953, the land surrounding the sand stabi-
lization forests consisted primarily of degraded grasslands 
and bare sandy land with the groundwater at 0.7 m (Figs. 4a 
and 5a); following the establishment of the protective for-
est, the surrounding environment improved but accom-
panied by expanding agricultural dry fields through 1979 
(Fig.  5b). The area of broadleaved protective forests then 
increased due to the manifestation of sand stabilizing for-
ests, and the area of agricultural dry fields further expanded 
(Fig.  5b). As vegetation cover increased in the MP (sand 
stabilizing) forest area, water consumption increased and 
groundwater declined to 4.0 m in 1988 (Figs. 4a and 5c). 
However, water consumption by the MP (coniferous) forest 
was only 12.5% of the resource over the past five decades 
(Fig. 4b). The roots of P. sylvestris var. mongolica are dis-
tributed primarily within the upper 100 cm soil layer (95% 
roots); therefore, MP forests mainly use the available water 
at depths < 100 cm. However, when soil moisture does not 
meet the water requirements of the species, they have to 
absorb groundwater directly or indirectly through the capil-
lary rise of groundwater. After 1988, the reclaimed paddy 
fields and the rapid increase of poplar forests further accel-
erated the lowering of water table. Consequently, MP forests 
experience difficulty taking up underground water. When 
precipitation was extremely low, MP forests were particu-
larly subject to dieback (Figs. 5d and 5e), i.e., the land-use 
changes caused groundwater levels to decrease and aggra-
vated soil drying, which led to the decline of MP forests 
(Zheng et al. 2012). 
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Ecological restoration strategies

Some measures have been put forwarded to prevent or to 
control protective forest decline according to decline causes 
(Jiang et al. 2003; Zhu and Zheng 2019). Early diagnosis is 

one important measure to prevent protective forest decline, 
which allows for early control (Du et al. 2002; Song et al. 
2009). Several studies have proposed that re-planning the 
construction of the protective forests, afforestation with spe-
cies referenced to the zonal vegetation and close to natural 

Fig. 4   Variations in groundwater table during 1953–2009 in Horqin 
Sandy Land (a) and water consumption of land use types, includ-
ing by households, bare sandy land, grassland, shrubland, conifer-

ous (MP) forests, broad-leaved (poplar) forests, paddy fields and dry 
fields during 1953–2009 (b) (reprinted from Zheng et al. 2012, with 
permission from Elsevier)

Fig. 5   Processes of land-use changes and the decline of P. sylvestris var. mongolica sand fixation forests during 1953–2009 (reprinted from 
Zheng et al. 2012, with permission from Elsevier)
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forests based on water resource carrying capacity are impor-
tant strategies (Song et al. 2009; Ren et al. 2018). For exam-
ple, Zhu and Zheng (2019) reported that re-planning the 
construction regions of the Three-North Afforestation Pro-
gram was an important measure to avoid the decline of pro-
tective forests due to not matching the tree species with site 
conditions. In addition, enhancing management procedures 
based on the theories and technologies for the management 
of protective forests are also major strategies to address the 
absence of sound management, e.g., adjustment of protec-
tive forest structure and enrichment planting (Mize et al. 
2008; Zhu and Zheng 2019). Furthermore, fencing is an 
important measure to reduce human disturbances of protec-
tive forests (Contreras-Hermosilla 2000; Jiang et al. 2003). 
Regeneration and transformation are also principal measures 
based on ecological restoration to address protective forest 
decline induced by land-use changes (Zhu 2013; Mayrinck 
et al. 2019).

Future Research

This review has created a summary to help understand the 
role of protective forests in improving ecological environ-
ments. However, ecological mechanisms for management 
of protective forests are subject to the levels of social and 
economic development of each country, to the distribution 
of ecologically vulnerable areas or climates, and to both 
national and international policies on environmental conser-
vation (Nerlich et al. 2013). Thus, each research program on 
ecological mechanisms for management of protective forests 
may be unique but there are common principles.

Theories and technologies for the management 
of protective forests at a landscape or regional scale

The current theories and technologies for the management 
of protective forests were established at the stand/windbreak 
levels and are unsuitable at landscape or regional scales. 
Therefore, new methodologies should be established on 
principles of ecosystem management (Zhu and Zheng 2019). 
The structural optimization of protective forests should be 
upgraded to landscape or regional scales. In addition, the 
relationships between structure and protective functions of 
protective forests at these higher should be investigated to 
meet the demands of establishing and managing protective 
forest ecosystems. In addition, research on the structural 
optimization of protective forests in different climates and 
site conditions across multiple scales is necessary, as protec-
tive forests are widely distributed in a range of ecologically 
fragile areas globally.

Decline mechanisms and corresponding ecological 
restoration across multiple scales

Mechanisms of both decline and ecological restoration 
for protective forests have not been completely outlined. 
Research across multiple scales (e.g., tree, stand/wind break, 
and landscape) with the focus on the ecosystems need to be 
carried out (Zhu 2013). Early detection of protective forest 
decline as a useful management tool needs to be studied. In 
addition, techniques holding the promise for controlling the 
decline and improving the stability of protective forests, e.g., 
research matching species to site conditions, regulation of 
stand density, and resolving regeneration obstacles should be 
investigated (Zhu 2013; Parpan and Parpan 2017).

Assessment of forestry eco‑engineering procedure 
at large‑scales based on ecosystem principles

Assessment of the ecological effects of protective forests is 
important to forest management (Brang et al. 2006; Zagas 
et al. 2011) because it links theories and technologies, i.e., 
assessment is key to verifying scientific management prac-
tices and protective forests achieve their purpose. Addition-
ally, assessment may explain the ecological mechanisms 
whereby protective forests function. In turn, the results can 
be applied to improve or guide management (Brang et al. 
2006). Numerous assessment studies have been carried out 
on individual ecological mechanisms at meso- and small-
scale levels which cannot meet management needs at large-
scales. Therefore, a comprehensive assessment of forestry 
eco-engineering procedures at the landscape and regional 
scales is necessary (Zhu and Zheng 2019). Although most 
research has been conducted on the functional mechanisms 
of protective forests, protective forests as an ecosystem is not 
well understood. Thus, research on ecological mechanisms 
of function and stability maintenance should be undertaken. 
In addition, climate changes will affect the survival, growth, 
and functions of protective forests through changes in tem-
perature, rainfall, and increase in extreme weather events. 
Research on climatic effects on forestry eco-engineering 
programs and corresponding adaptive strategies to maintain 
the efficiency, stability, and sustainability of protective func-
tions are topics for further research (Zhu and Zheng 2019).

Conclusion

Ecological mechanisms for management practices of pro-
tective forests are important orientations linking ecology 
with management, focusing on the application of biological, 
ecological, and social knowledge to manage and conserve 
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protective forests. Considerable achievements have been 
made on ecological mechanisms for management, but there 
are information gaps that must be addressed. Management 
theories, structural optimization across multiple scales, 
decline mechanisms and corresponding ecological restora-
tion, and assessment of protective forests should be studied 
at the landscape and regional scales on the basis of ecologi-
cal principles. Climatic impacts of forestry eco-engineering 
programs and corresponding adaptive strategies to climate 
change also need to be addressed.
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