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Abstract:



Forests in tropical and sub-tropical countries face severe pressures due to a combination of poverty and environment degradation. To be effective, measures to protect these forests must therefore consider both economic and ecological dimensions synergistically. The purpose of this paper was to synthesize our long-term work (1994–2015) on a Ginkgo (Ginkgo biloba L.) agroforestry system and demonstrate its potential for achieving both goals, and discuss its wider application in tropical and sub-tropical countries. The performance of various ecological, economic, and social indicators was compared among five Ginkgo agroforestry systems. Two additional indicators, Harmony Degree (HD) and Development Degree (DD), were also used to show the integrated performance of these indicators. Ginkgo-Wheat-Peanut (G+W+P) and Ginkgo-Rapeseed-Peanut (G+R+P) are the best systems when compared to pure and mixed Ginkgo plantations, or pure agricultural crops. Results demonstrate that it is possible to achieve both economic development and environmental protection through implementation of sustainable agroforestry systems in sub-tropical regions.
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1. Introduction


Forests play an important role in the terrestrial carbon budget [1] and provide essential ecosystem services. However, forest cover continues to decline at an alarming rate, both in quantity and quality [2]. According to the Food and Agriculture Organization of the United Nations (FAO, 2010), the world’s forests are disappearing at an average of 25 ha·min−1 [3]. Currently, forests represent a net carbon source mainly because of large-scale deforestation in the tropics [4]. Forest quality, the goods and services they provide, is also declining, largely as a result of mismanagement and, potentially, climate change impacts [5]. These problems indicate that current forest management practices are unsustainable and that alternative concepts and systems must be developed.



Root causes of forest decline include governance failure, insecure forest tenure, poverty in developing countries, and a lack of sustainable forest management regulations and practices [6]. Among these factors, the most important may be poverty. In developing countries, where most tropical and sub-tropical forests are located, people are often very poor and protection of the environment is secondary to meeting basic survival needs. This suggests that no forest management system will be successful unless ecological and economic factors are considered synergistically.



Agroforestry is a land use management system in which trees, shrubs, and crops are cultivated on the same piece of land to generate environmental, economic, and social benefits [6,7]. It has been practiced in many countries for millennia. Studies have demonstrated that agroforestry systems can significantly increase land productivity [8,9], enhance economic benefits [10], improve soil nutrients [11,12] and biodiversity [13,14], and increase employment [15,16]. These multiple benefits are realized due to positive interactions among the various species combinations and efficient resource utilization. Most studies, however, have focused on only one or a few aspects of a given agroforestry system, and little has been done to take an integrated and quantitative approach to examine a broader range of ecological, economic, and social benefits.



Ginkgo (Ginkgo biloba L.) is native to China and is an important species in Chinese agroforestry. It is planted throughout the country, but especially in the central forested plains region. In Pizhou county, Jiangsu Province, for example, the total area of Ginkgo plantation in 2016 was about 30,000 hm2. Ginkgo normally produces its first fruit at 8~10 years old, and is established at a wide spacing to achieve maximum yield. This feature provides an opportunity to intermix Ginkgo with agricultural crops. With careful management, it is possible to realize both short-term benefits from agricultural products while deriving longer-term benefits from the Ginkgo itself. Many kinds of agroforestry practices have long been applied to the Ginkgo plantations in China. This rich history and abundant research provide a good opportunity to conduct an integrated and quantitative assessment of different approaches as a guide to improved management.



Ginkgo forests are valuable economically because almost every biomass component can be processed into a high-value commodity. Traditionally, Chinese people have grown Ginkgo for medicine, fruits, and visual quality [17,18]. It can be grown in pure or mixed stands with various tree or crop species. There have been numerous long-term studies on different Ginkgo agroforestry systems [8,11,19,20,21]. For example, Cao (2007) evaluated combinations of Ginkgo, Wheat (Triticum aestivum L. 'Feng Shou No. 2'), Rapeseed (Brassica napus L.), and Soybean (Glycine mas L.) at different planting densities, and developed a conceptual model of the tradeoffs between Ginkgo and food crop values [19]. Cheng (2010) evaluated the ecological impacts on micro-climate, photosynthesis, soil fertility, nutrition, and biological productivity among seven Ginkgo agroforestry systems [8], while Tian (2012) analyzed the physiological and ecological impacts of Ginkgo-Tea agroforestry [21].



The main purpose of this study was to compare various Ginkgo agroforestry systems in terms of the integrated performance of ecological, economic, and social indicators, and demonstrate their potential in achieving poverty alleviation and environmental protection. We also discuss their wider application to other tropical and sub-tropical forest regions. First, published data from previous studies over the period 1994 to 2015 are compiled. We then apply an integrated assessment system developed by Sun (2011) [22] to compare the various agroforestry systems. Finally, the potential benefits of applying the most successful of the Ginkgo agroforestry systems to the entire Jiangsu Province, China, are forecasted. Supplemental data from other studies were included to enhance the rigor of the assessment.




2. Materials and Methods


2.1. Study Area and Experimental Design


A long-term Ginkgo experimental site is located in the Taixing experimental garden, Taixing city, China (32°06′ N, 120°04′ E). The site has a continental monsoon climate with mean annual temperature of 14.9 °C, and a mean of 27.6 °C in summer and 2.0 °C in winter. The average annual rainfall is 1031.8 mm and the frost-free period is 229 days. Three traditional agroforestry systems, Ginkgo-Wheat-Peanut (G+W+P), Ginkgo-Rapeseed-Peanut (G+R+P), and Ginkgo-Mulberry (Morus alba L.) (G+M) were subject to analysis. In addition, pure Ginkgo (G) and traditional agriculture with Wheat-Peanut (W+P) rotations were included in the comparisons (Figure 1) (Cao, 2012) [14]. In the G+R+P and G+W+P systems, Ginkgo is the overstory species, with Rapeseed, Wheat, and Peanut sowed and harvested alternately, depending on the particular system. An additional benefit of peanut is its ability to fix nitrogen and thus help maintain soil productivity. The G+M model is a perennial multi-story agroforestry system with a high efficiency and high yield.


Figure 1. Planting structure for the experiment site, with (a) Gingko and crops mixed system, (b) Ginkgo and Mulberry mixed system. Pictures shows the five Ginkgo experimental systems: Ginkgo-Mulberry (G+M); Ginkgo-Wheat-Peanut (G+W+P); Ginkgo-Rapeseed-Peanut (G+R+P); Ginkgo (G); and Wheat-Peanut (W+P).



[image: Forests 08 00102 g001]






The study employed a completely randomized design of the five treatments, with three to five replicates per treatment (for a total of 20 treatment × replicate combinations). Each combination occupied a 0.5 ha site, and in 1994, each site was randomly assigned on a 10 ha grid laid out on an area of relatively uniform topography. Sites were converted from traditional farm land (comprised of the W+P combination) to Ginkgo agroforestry; in one area, the W+P rotation was retained. The Ginkgo trees were planted at a spacing of 8 m × 8 m. By 2008, the Ginkgo had diameter at breast height of 18.5–31.2 cm, a height of 5.7–7.6 m, and a 6.0–7.8 m crown width.



Mulberries were sown in 1994, at a 0.3 m × 1 m spacing. Leaves were harvested each June and aboveground growth pruned back in November. Wheat and rapeseed were sown in late October or early November at 90–100 kg·ha−1 (wheat) and 4–6 kg·ha−1 (rapeseed), respectively, and harvested in late April or early May of the following year. The land was then immediately tilled and seeded to peanuts (120–130 kg·ha−1). The peanuts were harvested in September and the cycle repeated. All systems had the same fertilization and tillage schedule. Fertilizer was applied at 375 kg·ha−1 NPK fertilizer (10:7:8) twice per year (May and November).



Data from the five experimental systems were collected every five years, starting in 2004 (2004, 2009, and 2014).




2.2. Data and Selection of Indicators


This paper used the Ginkgo Planting Expert System (GPES) [23] and a questionnaire method [22] to select suitable indicators for assessing and comparing different Ginkgo agroforestry systems. This is described, as follows.



To select potentially relevant and representative indicators, we used several criteria. First, the indicators should have a high frequency of occurrence in the scientific and resource management communities. Second, they must be related to the management goals of agroforestry systems. Third, the selected indicators should inform at least one of the three components of sustainability, environmental, economic, or social. Fourth, each indicator should be easy to measure, interpret, and record. The selection of experts is a crucial element in deciding which indicators are important for analysis because different individuals would likely have widely varying interests and priorities. Two expert teams were therefore utilized, one comprised of academic researchers and the other of management staff and practitioners from the local region. All team members were vetted to ensure they: (1) were well informed in terms of the agroforestry systems; (2) had a good understanding of sustainable agroforestry management; and (3) were knowledgeable about Ginkgo ecology for the region in which the management plots are situated. Please refer to Appendix B for more details regarding the GPES and the questionnaire form.



A list of indicators was derived using the Analytical Hierarchy Process (AHP) and Delphi method [24], which focuses on a questionnaire and its relationship to indicator selection. Indicators were required to have the following characteristics: Flexibility—applicable to all types of forests in the agroforestry practices; Feasibility—based on readily available data/or easily measurable by available techniques; Applicability—practical and not require excessive administrative workloads, and be cost-effective; and Adaptability—adaptable to prevailing social, economic, political, and environmental conditions. The questionnaire analysis included an assessment of reliability using Cronbach’s alpha internal consistency, data selection, and clustering method [22]. Table 1 shows the final list of selected indicators.



Table 1. Selected indicators for assessing and comparing different Ginkgo agroforestry systems.







	
Ecological

	
Economic

	
Social






	
Annual average temperature

	
Income (Thousand Yuan·hm−2·a−1)

	
Land equivalent ratio (LER)




	
Annual soil erosion (t·hm−2·a−1)

	
Net income (Thousand Yuan·hm−2·a−1)

	
Opportunities of employment (10 thousand Yuan·a−1)




	
Soil fertility quality index (FI)

	
Payback period of investment (Ic = 0.1) *

	
Rate of agricultural products




	
Litter decomposition rate

	
Net present value (NPV) (Ic = 0.1)

	
Value of goods (10 thousand Yuan)




	
Total plant productivity (kg·hm−2·a−1)

	
Internal rate of return (IRR)

	
Diversity of products








* Ic is benchmark yield.








2.2.1. Ecological Indicators


Average annual air temperature reflects the ability of the forest to regulate temperature extremes. In general, more dense forest stands with larger leaf area index and multiple layers have a greater ability to buffer air temperature changes. Annual soil erosion is commonly used to indicate soil stability [11]. Agroforestry systems have the potential to significantly enhance soil quality and long-term soil productivity [25]. Fertility changes reflect the interaction of the chemical, physical, and biology components in the soil. Soil quality index [26] was chosen to indicate the general positive environmental effects of agroforestry systems. Litter decomposition rates are indirect indicators of forest productivity, while total plant productivity directly reflects the integrated effect of all site conditions [8].




2.2.2. Economic Indicators


Total income (10,000 yuan·hm−2·a−1) is the total value of both forest and agriculture products. It is calculated from yield and associated unit prices. Net income (10,000 yuan·hm−2·a−1) is the annual total income after deducting annual expenditures. The latter includes capital spending and labor costs. Capital spending costs are for pesticides, fertilizers, and seed for understory plants. Labor costs were calculated using the number of working days and an average daily salary (40 yuan·day−1).



The payback period of investment (Ic = 0.1) is calculated as follows:


[image: there is no content]



(1)




where, [image: there is no content] is the dynamic investment payback time; CO is cash outflow and CI cash inflow, in year t; and [image: there is no content] is the benchmark yield; the yield is set at 10%.



Net present value is one of the most important indicators for the dynamic evaluation of investment projects, and is the algebraic sum of present value that comes from net flow each year, discounted to the start of investment according to a benchmark yield or discount rate. The calculation formula is:


[image: there is no content]



(2)




where n is given period. In 1980, the land transfer period in Taixing was set at 50 years [27]. So far for the Ginkgo plantation, planted in 1993, the total calculation period in this study is 37 years. The remaining terms are the same as in the payback period of investment calculation.



The internal rate of return (IRR) is the discount rate when net present cash flow each year equals ‘0’ during the given period, showing future profit. The calculation formula is:


[image: there is no content]



(3)








2.2.3. Social Indicators


Land equivalent ratio (LER) reflects land utilization, and refers to the relative weight of demand for land value within the mixed mode and monoculture. LER is:


[image: there is no content]



(4)




where P is the production of the nth crop under the mixed mode, while M is the production of the nth crop under monoculture.



Opportunity of employment (see Table 1) is the amount of money available to employ a labor force. The rate of agricultural products (Table 1) is the percentage of commercialized agricultural products in relation to total production. It is an important indicator for the transformation of materials from subsistence production to an actual saleable commodity. Value of goods is defined as the value of total production minus consumptive use. Diversity is the number of different products that can be generated.





2.3. Integrated Indicators Models and Analysis


The integration (synergy) of ecological, economic, and social aspects of sustainable management can occur at the decision-making level [28] or via mechanistic modeling [29]. Haken (1971) [30] described the theory of synergy as a complex system made up of small, simple units connected to each other, and exhibiting self-organization. Phase-change within a system depends on external control parameters (environment, energy-fluxes), while the structure and the change sequence the system exhibits both depend on the synergy of the interior parameters [31]. We used two indicators, Harmony Degree (HD) and Development Degree (DD), as measures of integration among the three subsystems (ecological, economic, and social) and a means by which to assess sustainability (see Sun, 2011 [22], for further details). HD refers to the concordance and balance of each parameter in different subsystems and in each hierarchy, and is thus a measure of the synergy of a system. A synergetic evaluation of the three subsystems was conducted as follows:



Social sustainability: [image: there is no content], [image: there is no content] is a measure of social indicators, where [image: there is no content] is the weight for the ith indicator, [image: there is no content].



Economical sustainability: [image: there is no content], [image: there is no content] is a measure of economical indicators, where [image: there is no content] is the weight for the jth indicator, [image: there is no content]



Ecological sustainability:


[image: there is no content]



(5)




[image: there is no content] is a measure of ecological indicators, where [image: there is no content] is the weight for the tth indicator, [image: there is no content]



The three subsystems are given equal weights in all subsequent analyses. This reflects the fact that each is equally important for the agroforestry systems as it relates to the operational objectives for the case farm. A geometric representation of the HD as an equilateral triangle is shown in Figure 2, and the index of harmony in Table 2. Values for each subsystem are plotted on the corresponding locations along the edge of the triangle. The centroid from the resulting triangle is then found and it constitutes the HD value (see [22]).


Figure 2. Equilateral triangle of the three sustainability subsystems, ecological (Ec), economic (E), and social (S). Concentric circles represent the different combinations of the subsystems, which gives rise to variation in the Harmony Degree (HD) index. The HD index varies from 0 to 1.



[image: Forests 08 00102 g002]






Table 2. Index and degree of Harmony (HD).







	
Degree

	
No Control

	
Significant Disorder

	
Moderate Disorder

	
Mild Disorder

	
Basic Harmony

	
Moderate Harmony

	
High Harmony

	
Excellent Harmony






	
Index

	
≤0.29

	
0.3~0.39

	
0.4~0.49

	
0.5~0.59

	
0.6~0.69

	
0.7~0.79

	
0.8~0.9

	
>0.9










HD represents the degree of harmony within each subsystem and how they interact to influence the system as a whole. It is, however, a static measure and does not provide insight into the degree of system development. A system with high harmony, for example, could have low development.



The degree of development (DD) is represented in a three-dimensional Cartesian coordinate system, where X, Y, Z represents the standardized values for the three subsystems at a given point in development (Figure 3). The ideal point in the space lies along the diagonal line, OS, though in most cases, the line will be oriented elsewhere in the space (OS1, or OS2, for example; Figure 3).


Figure 3. Development Degree (DD) as reflected in a Cartesian coordinate system. DD is the length of the line from the origin to the point of intersection in the X, Y, Z space (see text for more details).



[image: Forests 08 00102 g003]






According to statistical data, the assessment result for subsystems should not be less than 0.2 in many cases, so a starting point is given as X = Y = Z = 0.2, then DD = [image: there is no content] = 0.346. This point is a split point. If other points are lower than it (which means that all the subsystems are in the lowest level), then it is not necessary to consider the harmony degree among them. The index for development degree is described in Table 3.


[image: there is no content]



(6)







Table 3. Index and degree of development (DD).







	
Degree

	
No Development

	
Moderate Development

	
Development

	
Strong Development

	
Extreme Development






	
Index

	
0~[image: there is no content]

	
[image: there is no content]~[image: there is no content]

	
[image: there is no content]~[image: there is no content]

	
[image: there is no content]~[image: there is no content]

	
[image: there is no content]~[image: there is no content]












3. Results


For illustrative purposes, the 2009 results are presented in the majority of the main text. In order to clarify the background datasets of the whole research, the full data set (2004, 2009, and 2015) is provided in Appendix A and the elaboration of the experts team and questionnaire form are in Appendix B.



3.1. Ecological Indictors


The overall performance of the mixed Ginkgo systems was higher than pure Ginkgo (G) or the cropping system (W+P; Table 4). The cropping system had the lowest values for air temperature, and the highest soil erosion indicator and litter decomposition rate; its total productivity was ranked in the middle of the five systems. The G+M system had the lowest productivity and soil fertility values, and was second highest in the soil erosion indicator. Among three mixed systems, the G+W+P achieved the best overall performance (weighted total), followed by G+R+P, and then G+M.



Table 4. Ecological indicators in three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), in 2009.







	
2009

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
The annual average temperature (°C)

	
20.54 ± 0.11

	
20.51 ± 0.2

	
20.37 ± 0.17

	
20.71 ± 0.24

	
21.96 ± 0.23




	
Normalized value

	
0.53

	
0.53

	
0.54

	
0.51

	
0.39




	
Annual soil erosion (t·hm−2·a−1)

	
16.32 ± 1.54

	
19.51 ± 2.75

	
2.49 ± 0.33

	
28.25 ± 2.12

	
47.52 ± 5.76




	
Normalized value

	
0.69

	
0.62

	
1

	
0.43

	
0




	
Soil fertility quality index (FI)

	
0.51

	
0.44

	
0.68

	
0.29

	
0.45




	
Total plant productivity (kg·hm−2·a−1)

	
27510 ± 318.65

	
32,539.7 ± 455.99

	
12,427.9 ± 208.67

	
4815.7 ± 90.2

	
22,444.5 ± 159.02




	
Normalized value

	
0.82

	
1

	
0.27

	
0

	
0.64




	
Litter decomposition rate

	
46.56 ± 5.89

	
50.74 ± 6.81

	
42.58 ± 3.32

	
52.86 ± 5.84

	
62.59 ± 4.33




	
Normalized value

	
0.20

	
0.41

	
0

	
0.51

	
1




	
Weighted total

	
0.55

	
0.60

	
0.50

	
0.35

	
0.50








Note: Values are mean ± standard deviation (n = 3).









3.2. Economic Indicators


The mixed Ginkgo-crop systems, G+R+P and G+W+P, had higher total income, net income, and NPV values compared with the other systems (Table 5). The G system had the lowest performance of all economic indicators. Although the copping system (W+P) had the best performance on the payback period of investment, its economic revenues were lower than those of the mixed Ginkgo systems. G+W+P performed better than G+R+P (though not always by much), while the latter outperformed G+M.



Table 5. Economic indicators in three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), in 2009.







	
2009

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
Income (Thousand Yuan·hm−2·a−1)

	
4.88 ± 0.35

	
5.72 ± 0.70

	
3.57 ± 0.45

	
2.58 ± 0.61

	
3.13 ± 0.19




	
Normalized value

	
0.73

	
1

	
0.32

	
0

	
0.18




	
Net income (Thousand Yuan·hm−2·a−1)

	
3.70 ± 0.22

	
4.49 ± 0.12

	
2.89 ± 0.30

	
2.17 ± 0.27

	
2.05 ± 0.19




	
Normalized value

	
0.68

	
1

	
0.35

	
0.05

	
0




	
The payback period of investment (Ic = 0.1)

	
4.35 ± 0.15

	
4.19 ± 0.20

	
17.67 ± 0.25

	
>37

	
0 ± 0




	
Normalized value

	
0.88

	
0.89

	
0.52

	
0

	
1




	
NPV (Ic = 0.1)

	
12.83 ± 0.89

	
14.01 ± 0.74

	
3.69 ± 0.12

	
-3.25 ± 0.35

	
10.36 ± 1.77




	
Normalized value

	
0.93

	
1

	
0.40

	
0

	
0.79




	
IRR

	
0.44 ± 0.03

	
0.47 ± 0.01

	
0.14 ± 0.05

	
0.06 ± 0.01

	
>1




	
Normalized value

	
0.41

	
0.43

	
0.08

	
0

	
1




	
Weighted total

	
0.73

	
0.86

	
0.32

	
0.01

	
0.59








Note: Values are mean ± standard deviation (n = 3).









3.3. Social Indicators


With the social indicators, the mixed systems had better performance on four indicators (LER, opportunities of employment, value of goods, and variety of products) than those from the pure forestry (G) and cropping (W+P) systems (Table 6). The G and G+M systems had the highest ranking for agricultural products. The G+W+P and G+R+P were better overall than the G+M system.



Table 6. Social indicators in three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), in 2009.







	
2009

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
LER

	
1.78 ± 0.12

	
1.81 ± 0.08

	
1.73 ± 0.05

	
1 ± 0

	
1 ± 0




	
Normalized value

	
0.96

	
1

	
0.90

	
0

	
0




	
Opportunities of employment (10 thousand Yuan·a−1)

	
0.28 ± 0.01

	
0.28 ± 0.03

	
0.22 ± 0.01

	
0.1 ± 0.04

	
0.2 ± 0.03




	
Normalized value

	
1

	
1

	
0.67

	
0

	
0.56




	
The rate of agricultural products

	
0.85 ± 0

	
0.8 ± 0

	
1 ± 0

	
1 ± 0

	
0.75 ± 0




	
Normalized value

	
0.39

	
0.19

	
1

	
1

	
0




	
Value of goods (10 thousand Yuan)

	
4.84 ± 0.31

	
5 ± 0.72

	
4.43 ± 0.44

	
2.85 ± 0.56

	
2.62 ± 0.16




	
Normalized value

	
1

	
1.07

	
0.82

	
0.10

	
0




	
Variety of products

	
3 ± 0

	
3 ± 0

	
2 ± 0

	
1 ± 0

	
2 ± 0




	
Normalized value

	
1

	
1

	
0.5

	
0

	
0.5




	
Weighted total

	
0.87

	
0.85

	
0.78

	
0.22

	
0.21








Note: Values are mean ± Standard Deviation (SD) (n = 3).









3.4. Integrated Indicators


The G+W+P system had the highest HD values, followed closely by the G+R+P system (Figure 4). The monoculture systems (G and W+P) had the lowest DD values (0.41 and 0.80, respectively). G+W+P had the highest DD value (1.35), followed by G+R+P (1.26) and G+M (0.98).


Figure 4. Equilateral triangles depicting the three sustainability subsystems, ecological (Ec), economic (E), and social (S), for Ginkgo (a), Gingko, wheat, and peanut (b), Ginkgo, rapeseed, and peanut (c), Ginkgo and mulberry (d), and agricultural crops (e). The red triangle subscribes the values for each subsystem, and the red cross is its corresponding centroid, the latter of which defines the harmony degree) (see text).



[image: Forests 08 00102 g004a][image: Forests 08 00102 g004b]







3.5. Indicator Change Over Time


Table 7 shows the changes in HD for the five systems over three periods, 2004, 2009, and 2014, while Figure 5 shows the corresponding changes in DD. The mixed systems (G+R+P and G+W+P) had the highest HD and DD values. In contrast, the G system received the lowest DD and had declining HD values over the three periods. The cropping system (W+P) had suitable HD values, but its DD values were lower than those from the mixed systems, G+R+P and G+W+P, along with a declining trend over time. The G+M system had lower and variable HD and DD values, as compared to those from the two other mixed agroforestry systems.


Figure 5. Development degree in three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), over three time periods.



[image: Forests 08 00102 g005]






Table 7. Harmony degree (HD) in three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), over three time periods.







	
HD

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
2004

	
0.536 ± 0.156

	
0.449 ± 0.117

	
0.728 ± 0.07

	
0.702 ± 0.096

	
0.61 ± 0.113




	
2009

	
0.678 ± 0.066

	
0.703 ± 0.125

	
0.552 ± 0.083

	
0.658 ± 0.049

	
0.604 ± 0.065




	
2014

	
0.712 ± 0.126

	
0.793 ± 0.074

	
0.719 ± 0.136

	
0.512 ± 0.061

	
0.76 ± 0.110








Note: Values are mean ± standard deviation (n = 3).










4. Discussion


4.1. Comparisons of Indicators in the Ginkgo Agroforestry Systems


Results indicate that the mixed Ginkgo agroforestry systems, G+R+P and G+W+P, generated the highest overall benefit. Intermixing trees and understory vegetation adds to structural diversity, increased leaf area and, consequently, enhanced total production and associated economic-social benefits. In addition, soil erosion control, buffering of microclimate changes, and nutrient cycling are all better in the agroforestry systems, as compared to the monoculture systems. There is evidence that total soil carbon and soil organic carbon can also be augmented in Ginkgo agroforestry systems [9,12,14]. Furthermore, the mixed systems appear to better integrate ecological, economic, and social elements, as reflected in their high harmony and degree of development (HD and DD, respectively). Agroforestry systems are also generally recognized as having increased biodiversity [6,13,14].



The monoculture systems (G and W+P) had the lowest overall performance, though they received relatively high values in a few indicators. The ecological problems associated with monoculture forestry systems are well documented, and include low biodiversity, long-term yield decline, disease susceptibility, insect outbreaks, and reduced soil function [32,33,34,35,36]. Agricultural cropping systems normally have the quickest economic return, but other economic values as well as social values, are relatively low. Hence, they often require government subsidies to remain viable. This may be one reason why China has implemented a program to return some agriculture lands to forests [37].



The mixed G+M system had the lowest soil erosion, but its economic and social benefits require a relatively longer time to be realized. Its HD and DD values were therefore relatively low. Consequently, this system may have limited appeal in developing countries.




4.2. Application of HD and DD for Integrated Assessment


China has a national policy to promote economic development while protecting the ecological environment [38]. To help achieve this goal, efforts have been oriented towards a means of transitioning from traditional methods of resource consumption to a sustainable development model [38,39]. In that regard, the Harmony Degree (HD) reflects the balance between the three systems, such that HD for the agroforestry systems, G+R+P and G+W+P, increased progressively, while that for the pure forest system declined. The cropping systems showed fluctuations in HD and a decline in DD. Thus, these two integrated indicators provide a useful and important means of assessing whether a given management system is sustainable.



Yuan [22] applied the same type of analysis to a pure plantation forest farm in South China [22], though only for a single stand age. Here, we have the benefit of multiple measurements from different systems and at different ages. This is important because, as Figure 6 indicates, HD can vary by age and planting system. In the agroforestry systems, G+W+P and G+R+P (Figure 6a,b, respectively), HD moved progressively towards the center of the concentric circles, indicating increasing order over time (see Table 2). In pure Ginkgo (Figure 6c), however, HD moved in the opposite direction, indicating a trend towards increasing disorder.


Figure 6. Equilateral triangles depicting the three sustainability subsystems, ecological (Ec), economic (E), and social (S), for Gingko, wheat, and peanut (a), Ginkgo, rapeseed, and peanut (b), Ginkgo only (c), agricultural crops (d), and Ginkgo and mulberry (e). The internal triangles subscribe the values for each subsystem, and associated crosses are corresponding centroids, the latter of which define the harmony degree (HD). HD values are shown for 2004 (blue cross), 2009 (pink cross), and 2014 (red cross).
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The cropping system tended to have a higher economic but lower ecological score (cf. Table 4 and Table 5). It had a relatively higher HD but the DD for this system tended to decline over time (Figure 6d). Trends in HD for the G+M system fluctuated among the three ages (Figure 6e). The HD and DD indicators are useful in assessing whether a given management system can be considered sustainable but are particularly informative when calculated in a temporal sequence. In that respect, converting monoculture practices (either pure Ginkgo or cropping) into agroforestry improves economic returns while balancing ecological considerations.




4.3. The Importance of Utilizing Ginkgo Agroforestry System


What are the potential benefits of converting all monoculture Ginkgo forests in Jiangsu province to the best Ginkgo agroforestry system (G+W+P)? According to provincial forestry inventory data [28], there are currently 61,482 ha of Ginkgo monoculture forests in Jiangsu province [40]. Converting all of these forests to G+W+P would increase the annual net income by 23,200 Yuan·ha−1, for an annual net income increase of 1426.4 million Yuan. Benefits would vary widely across the province, however, depending on the ratio of monoculture to mixed plantations. For example, the ratio is 214:1 in the vicinity of Suzhou city and 34:1 near Nanjing city. Around Taizhou city (where our study was located), the ratio is 23:1. If monoculture forests were converted to the G+M system, annual revenue per hectare could increase by 38%, but could be doubled under the G+W+P system. In addition, complete conversion to G+W+P would enhance ecological benefits; for example, a reduction in soil erosion from 46.1 to 9.74 t·m−2·a−1.



If suitable agroforestry systems can be identified and implemented, it is possible to enhance economic and social benefits, while protecting environmental values. Besides Ginkgo, other systems could be evaluated with the approach used here. It is encouraging that in many developing countries and regions, there is typically a broad range of potential combinations of tree species and agricultural crops available for testing. Our study also demonstrates the utility of applying various and integrated indicators to assess and compare performance among different systems. Selecting which indicators to include in the analysis is challenging, however, and should be considered as an incremental process informed by accumulated research and knowledge. Our indicators were derived using the Analytical Hierarchy Process (AHP) and Delphi method [24], which largely reflected what was best known at the time the work was undertaken. Other representative indicators (e.g., floral and faunal biodiversity) should be considered if/when relevant data are available.





5. Conclusions


A series of ecological, economic, and social indicators, along with two integrative indicators, Harmony Degree (HD) and Development Degree (DD), were used to evaluate three Ginkgo-based agroforestry systems, Ginkgo alone, and an agricultural cropping system. We conclude that, (i) the Ginkgo agroforestry systems performed better overall than either of the monoculture systems, (ii) the benefits of agroforestry are robust across a range of indicators and showed further improvement over time, and (iii) agroforestry systems can be developed that balance environmental protection with economic and social objectives.
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Appendix A







Table A2. Economic indicator values from three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), in 2004.







	
2004

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
Income (Thousand Yuan·hm−2·a−1)

	
4.88

	
5.72

	
3.57

	
2.58

	
3.47




	
Normalized value

	
0.732

	
1

	
0.316

	
0

	
0.283




	
Net income (Thousand Yuan·hm−2·a−1)

	
2.04

	
2.21

	
1.72

	
0.39

	
1.07




	
Normalized value

	
0.907

	
1

	
0.7297

	
0

	
0.3717




	
The payback period of investment (Ic = 0.1)

	
4.35

	
4.19

	
17.672

	
>37

	
0




	
Normalized value

	
0.882

	
0.887

	
0.522

	
0

	
1




	
NPV (Ic = 0.1)

	
12.83

	
14.01

	
3.69

	
−3.25

	
10.36




	
Normalized value

	
0.931

	
1

	
0.402

	
0

	
0.788




	
IRR

	
0.44

	
0.47

	
0.14

	
0.064

	
>1




	
Normalized value

	
0.406

	
0.429

	
0.076

	
0

	
1




	
Weighted total

	
0.73

	
0.86

	
0.32

	
0.01

	
0.59














Table A4. Ecological indicator values from three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), in 2014.







	
2014

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
The annual average temperature (°C)

	
21.71

	
21.67

	
21.79

	
22.36

	
23.48




	
Normalized value

	
0.548

	
0.553

	
0.541

	
0.484

	
0.374




	
Annual soil erosion t·hm−2·a−1)

	
9.74

	
9.68

	
2.45

	
10.88

	
46.1




	
Normalized value

	
0.833

	
0.8343

	
1

	
0.807

	
0




	
Soil fertility quality index (FI)

	
0.615

	
0.57

	
0.609

	
0.541

	
0.43




	
Total plant productivity (kg·hm−2·a−1)

	
33006

	
35612

	
16784

	
12647

	
24041




	
Normalized value

	
0.887

	
1

	
0.180

	
0

	
0.496




	
Litter decomposition rate

	
45.69

	
42.87

	
40.54

	
52.86

	
62.59




	
Normalized value

	
0.234

	
0.107

	
0

	
0.559

	
1




	
Weighted total

	
0.62

	
0.61

	
0.47

	
0.48

	
0.46














Table A6. Social indicator values from three mixed Ginkgo systems, pure Ginkgo (G), and a cropping system (W+P), 2014.







	
2014

	
G+R+P

	
G+W+P

	
G+M

	
G

	
W+P






	
LER

	
1.64

	
1.47

	
1.29

	
1

	
1




	
Normalized value

	
1

	
0.73

	
0.45

	
0

	
0




	
Opportunities of employment (10 thousand Yuan·a−1)

	
0.21

	
0.21

	
0.14

	
0.1

	
0.2




	
Normalized value

	
1

	
1

	
0.36

	
0

	
0.91




	
The rate of agricultural products

	
0.91

	
0.8

	
1

	
1

	
0.7542




	
Normalized value

	
0.63

	
0.19

	
1

	
1

	
0




	
Value of goods commodity value (10 thousand Yuan)

	
3.730

	
4.077

	
3.741

	
3.069

	
1.368




	
Normalized value

	
0.87

	
1.00

	
0.88

	
0.63

	
0




	
Variety of products

	
3

	
3

	
2

	
1

	
2




	
Normalized value

	
1

	
1

	
0.5

	
0

	
0.5




	
Weighted total

	
0.90

	
0.78

	
0.64

	
0.33

	
0.28










Appendix B


The Ginkgo Planting Expert System (GPES) [23] was developed with Dreamweaver CS4, SQL Server 2008, MATLAB 2014, Prolog, and Flex 3. The operating system was Windows Server 2003, and the development platform, ASP.NET 2.0. Each expert could log into the system and fill out the questionnaire form. To satisfy language requirements, the system is developed in Mandarin (more detail it can be found in reference [23]). There are five questions for each preselected indicator, as shown in Table A7. Each expert answers the questions by checking an appropriate box in the form. All of the data are used as the basis for Analytical Hierarchy Process (AHP) and Delphi method. Detailed explanations can be found in the references [22,24].



Table A7. A sampled questionnaire for selecting indicators.







	
No. Question for Preselected Indicators

	
Answer to be Chosen






	
Closely and unambiguously related to the assessment goal? Directly/obviously/intuitively/logically linked to criterion or to sustainability.

	
1 = poor 2 = fair 3 = satisfactory 4 = good 5 = very good




	
Easy to detect, record, and interpret? Easy to get the information, straightforward?

	
1 = poor 2 = fair 3 = satisfactory 4 = good 5 = very good




	
Provides a summary or integrative measure? Summarizes/integrates a lot of information, is it information efficient?

	
1 = poor 2 = fair 3 = satisfactory 4 = good 5 = very good




	
Have a clear definition?

	
0 = yes 1 = no




	
Important and, therefore, selected as ‘priority’

	
0 = not accepted 1 = accepted for further evaluation
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