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Abstract
Globally, biodiversity has declined at an unprecedented rate, challenging the viability of 
ecosystems, species, and ecological functions and their corresponding services. Payments 
for ecosystem services (PES) programs have been established and implemented worldwide 
to combat the degradation or loss of essential ecosystems and ecosystem services with-
out sacrificing the well-being of people. With an overarching goal of reducing soil ero-
sion, China’s Grain-to-Green program (GTGP) converts cropland to forest or grassland. 
As one of the largest PES programs in the world, GTGP has great potential to offer biodi-
versity conservation co-benefits. To consider how GTGP may influence biodiversity, we 
measured forest structure and plant and wildlife species diversity at both GTGP forest and 
natural forest sites in Fangjingshan National Nature Reserve, China. We also evaluated the 
relationship between canopy cover and biodiversity measures to test whether forest cover, 
the most commonly measured and reported ecological metric of PES programs, might act 
as a good proxy for other biodiversity related parameters. We found that forest cover and 
species diversity increased after GTGP implementation as understory and overstory plant 
cover, and understory and midstory plant diversity at GTGP sites were similar to natural 
forest. Our results suggest that GTGP may also have been associated with increased habitat 
for protected and vulnerable wildlife species including Elliot’s pheasant (Syrmaticus elli-
oti), hog badger (Arctonyx collaris), and wild boar (Sus scrofa). Nevertheless, we identi-
fied key differences between GTGP forest and natural forest, particularly variation in forest 
types and heterogeneity of overstory vegetation. As a result, plant overstory diversity and 
wildlife species richness at GTGP forest were significantly lower than at natural forest. Our 
findings suggest, while forest cover may be a good proxy for some metrics of forest struc-
ture, it does not serve as a robust proxy for many biodiversity parameters. These findings 
highlight the need for and importance of robust and representative indicators or proxy vari-
ables for measuring ecological effects of PES programs on compositional and structural 
diversity. We demonstrate that PES may lead to biodiversity co-benefits, but changes in 
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program implementation could improve the return on investment of PES programs to sup-
port conservation of biodiversity.

Keywords Grain-to-Green program · Fanjingshan National Nature Reserve · Hierarchical 
occupancy models · Species richness · Forest cover · China

Introduction

Ecosystem services, defined as benefits (direct or indirect) that wild organisms or ecosys-
tems provide to people, have been identified as necessary for human survival and well-
being1 (Millennium Ecosystem Assessment 2005; Harrison et  al. 2010). Ecosystem ser-
vices are typically categorized as provisioning, regulating, supporting, or sociocultural 
services (Ferraro and Kiss 2002; Wunder 2007). Although there is considerable complex-
ity in the link between biodiversity and ecosystem services (Balvanera et al. 2014), biodi-
versity has been recognized as an essential component that maintains vital ecological pro-
cesses and corresponding services (Díaz and Cabido 2001; Hoekstra et al. 2005; Cardinale 
et  al. 2012). Biodiversity can regulate ecological processes, support production of other 
services such as soil productivity and crop pollination, and generate services with cultural 
values (e.g. presence of large carnivores) (Mace et al. 2012; Quijas et al. 2019). Globally, 
there has been substantial decline in biodiversity which has led to degraded ecosystems 
and their corresponding ecosystem services (Cardinale et al. 2012; Newbold et al. 2016; 
IPBES 2019). To address threats of human activity on ecosystems while recognizing the 
socio-economic needs of human communities, a management approach called payments 
for ecosystem services (PES) has been established and implemented in many countries. 
PES programs aim to protect ecosystem services while supporting sustainable livelihoods 
or alleviating poverty by providing financial or in-kind incentives directly to resource users 
to undertake environmentally desirable actions or avoid environmental damaging ones 
(Wunder 2007, 2013; Jack et al. 2008; Mathieu et al. 2018). While PES programs mostly 
are designed to improve regulating services (e.g. water quality, erosion control), additional 
services such as biodiversity are commonly cited as a secondary benefit (Prager et al. 2016; 
Bremer et  al. 2019). For example, the Natural Forest Conservation Program (NFCP) in 
China was enacted primarily for flood control, however, the program has also improved 
habitat for wildlife by restoring natural forest (Liu et al. 2008).

Despite widespread implementation of PES programs and numerous calls for 
improved assessments of the ecological effectiveness of PES programs, most PES evalu-
ations do little to directly measure ecological metrics on the ground (Yin et  al. 2013; 
Naeem et  al. 2015; Daw et  al. 2016; Lewison et  al. 2017). Instead, PES evaluations 

1 In this paper, we take an ecological perspective of biodiversity, believing that “diversity” per se in eco-
systems is important to ecosystem function and ecological services” (Miller et al. 2014). We acknowledge 
the existence of other conservation ethics or ideologies such as the one proposed by Kareiva et al. (2007), 
Kareiva and Marvier (2012), which challenges the traditional goal and practice of conservation for not pay-
ing enough attention to ecosystem resilience (e.g., some species can survive human disturbances or get 
recovered quickly), the role of managed ecosystems or people-friendly ecosystems (e.g., these systems can 
also maintain high levels of species diversity), and social justice (e.g., displacing indigenous people when 
setting up nature reserves). Although a detailed presentation of conservation ethics is beyond the scope of 
this paper, we acknowledge the importance of this perspective and refer readers with interest to relevant lit-
erature (e.g., Miller et al. 2014; Kareiva et al. 2007; Kareiva and Marvier 2012).
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typically report program success based on measures of program compliance and land 
cover and land use change, which is assumed to be a good proxy for other ecological 
elements such as species composition, species richness, and ecosystem function (Brou-
wer et al. 2011; Miteva et al. 2012; Yin et al. 2013). For example, in a review of primary 
literature on nine PES programs in Costa Rica and Mexico (see Table 3 in Miteva et al. 
2012), the authors found that land cover and land use change are the only ecological 
parameter or outcome monitored for the PES programs. A more recent review of 118 
PES programs worldwide demonstrated that even in PES programs that identified sup-
porting biodiversity as a primary goal, more than 65% of the programs had not pub-
lished biodiversity data to date (Prager et al. 2016). Although there are a few PES pro-
gram evaluations that have measure the associated effects of PES on ecosystem outputs 
and biodiversity (Hua et al. 2016; Basham et al. 2016; Wu et al. 2017), the impact of 
PES programs on plant or animal structure or species biodiversity remains understudied.

The lack of direct evidence on how PES programs affect biodiversity is not sur-
prising given the general challenges associated with policy evaluation (Miteva et  al. 
2012; Yin et  al. 2013), which require long-term monitoring, data collection, and ide-
ally a BACI (Before-After, Control-Impact) or counterfactual study design (Baylis et al. 
2016). Despite these challenges, investigating current structural and species diversity at 
PES sites relative to more intact landscape can provide insights of the ecological effec-
tiveness of PES beyond the commonly used metric- land cover and land use change 
(Lewison et al. 2017). Moreover, identifying differences between PES sites and natural 
sites provides information that can improve PES implementation and support manage-
ment and conservation of biodiversity and related ecosystem services.

The Grain-to-Green Program (GTGP), also known as the Sloping Land Conversion 
Program in China, is one of the largest PES programs in the world (Liu et  al. 2008). 
Despite China’s high level of species biodiversity, rapid human population growth and 
land transformation have degraded ecosystems and threatened persistence of hundreds 
of species (World Bank 2001; Liu 2003). To address mounting environmental crises and 
improve ecosystem services, large-scale programs of terrestrial ecosystem restoration 
like GTGP have been implemented (Yin and Yin 2010). GTGP, like many PES pro-
grams around the world, was implemented to reduce soil erosion and runoff with biodi-
versity restoration as a secondary consideration (Xu et al. 2006; Hua et al. 2016). GTGP 
converts cropland on steep slopes to forest and grassland while compensates participat-
ing farmers with cash and grain (Liu et al. 2008), Since 2013, over 27 million hectares 
of GTGP forest have been established (Hua et al. 2016), and water surface runoff and 
soil erosion have declined (Liu et al. 2008).

With accelerating biodiversity loss (Newbold et al. 2016), and the unparalleled scale 
of China’s PES land management policy (Hua et al. 2016), GTGP provides an opportu-
nity to provide co-benefits to biodiversity and related ecosystem services (Wang et al. 
2007), such as wildlife habitat, recreation and ecotourism (Quijas et  al. 2019). In this 
study, we use Fanjingshan National Nature Reserve (FNNR) in China as a case study 
site to examine effects of GTGP on forest structure and plant and wildlife species diver-
sity. By measuring plant community composition, structure, and wildlife occupancy at 
both GTGP and natural forest sites, we ask whether PES programs not directly designed 
for biodiversity conservation, can generate biodiversity and conservation co-benefits. 
We also consider how changes in forest canopy cover, the most commonly measured 
and used in PES evaluations, are related to other metrics of structural and species bio-
diversity. Our exploration of the relationship between PES and forest canopy cover, for-
est structure, and species biodiversity measures highlights how large-scale PES land 
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management programs, like GTGP, can influence biodiversity and, if so, how those ben-
efits can be measured.

Methods

Study area

Fanjingshan National Nature Reserve (27° 55′ 11.2″ N 108° 41′ 50.1″ E, Fig. 1) in Guizhou 
Province, China was established in 1978 as a protected area for the endangered Grey snub-
nosed monkey (Rhinopithecus brelichi), and then extended to the conservation of other ani-
mal and plant species protected under the Law of the People’s Republic of China on the 

Fig. 1  Sampling plots for vegetation and wildlife survey in forest established by Grain-to Green Programs 
(n = 16) and in natural forest (n = 49) in Fanjingshan National Nature Reserve, China, 2015–2016
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Protection of Wildlife, such as the Asiatic black bear (Ursus thibetanus), Elliot’s pheasant 
(Syrmaticus ellioti), and the dove-tree (Davidia involucrata) (Wu et al. 2004). The reserve, 
spanning 419  km2 with nearly 2000 m of vertical relief, has over 95% of forest cover, rang-
ing from evergreen broadleaf forest at low elevations (around 700 m), to mixed decidu-
ous-broadleaf ecosystems at mid-elevations (1000–1300 m), up to subalpine, meadow, and 
conifer ecosystems at higher elevations (1600–2600  m) (Yang et  al. 2002). The reserve 
contains a large amount of undisturbed primary forest and is one of the 25 global biodiver-
sity hotspots (Myers et al. 2000), with over 3000 species of animals and plants (Yang et al. 
2002). There are 24 villages and over 13,000 people living in the reserve. A large propor-
tion (70%) of local population are ethnic minorities of Tujia and Miao. Current threats to 
ecosystems within FNNR are agriculture, forest fire, landslides, resource extraction, and 
illegal hunting, road construction, tourism development, and livestock grazing (Global 
Environment Facility 2004).

The GTGP was initiated in FNNR in 2000. Although slope steepness of farmlands is the 
main criterion for inclusion in GTGP in China (Liu et al. 2008), all farmlands in the reserve 
can be enrolled in GTGP regardless of steepness. Each participating household receives 
3,583 yuan (or 520 US$ at 1 US$ = 6.89 yuan exchage rate in June, 2019) per ha of con-
verted cropland per year. Once enrolled in GTGP, farmers can plant species described as 
ecological i.e., species that provide ecological functions and services like Chinese red pine 
(Pinus massoniana) and Chinese fir (Cunninghamia lanceolata), or plant species described 
as economic, i.e., a tea trees, fruit trees, and bamboo (Phyllostachys heterocycla cv pube-
scens). Farmers can also choose to let the forest regenerate without planting. To promote 
ecological benefits of GTGP, local government requires at least 80% of the tree plantings 
be ecological (Zhang 2003). Currently, about 55% of households in FNNR participate in 
GTGP, and the corresponding enrolled farmlands are in the experimental zone (areas out-
side the core zone boundary with elevations less than 2000 m, Fig. 1) of FNNR.

Vegetation and wildlife surveys

To investigate structure and species diversity of plants and wildlife, we measured forest 
type, understory and overstory plant cover, tree height and size (diameter breast height), 
and several metrics of biodiversity including understory, midstory, overstory plant richness 
and diversity, and wildlife species richness and occupancy in FNNR. We established 65 
sampling plots (20 m × 20 m), with 49 sites at natural forest and 16 sites at GTGP forest 
(Fig. 1). We classified forest type at these 65 plots based on established forest categories 
of the FNNR: evergreen broadleaf forest (n = 12), mixed evergreen and deciduous forest 
(n = 27), deciduous forest (n = 9), bamboo (n = 6), and afforested conifer (n = 11).

For each plot, we recorded species of understory, midstory and overstory vegetation and 
estimated percentage of cover for each species. We calculated plant species richness and 
used percentage of cover as an estimate of abundance for each species to calculate Shan-
non’s diversity index of understory, midstory and overstory vegetation. We measured DBH of 
tree with DBH > 3 cm within 5 m radius from center and four corners of the plot and calcu-
lated maximum DBH, average DBH, and standard deviation of DBH for each plot. We used 
a range finder to visually estimate average tree height of the plot. We used a Nikon D7000 
camera equipped with a Sigma 4.5 mm hemispherical lens to collect digital hemispherical 
photograph (DHP) at a minimum of five photo locations per plot to estimate canopy frac-
tional cover (CFC), a measure for canopy closure defined as the percentage of tree canopy 
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area (Wang et al. 2005; Pueschel et al. 2012). We estimated percentage of understory cover at 
plots visually.

We deployed a Bushnell Trophy Cam infrared camera at each plot to monitor presence 
of mammals (> 0.5 kg) and pheasants from April 2015 to August 2016. More details of veg-
etation and wildlife survey are provided in Supplementary (S1). Field efforts were conducted 
under permits from the San Diego State University’s Institutional Animal Care and Use Com-
mittee (Protocol # 14-01-002L).

Data analysis

Our data analyses followed a stepwise approach to characterize differences in GTGP and nat-
ural forests. We first describe differences in forest cover, diversity measures of plant struc-
ture and composition using contingency analysis, t-tests and regression. To compare wildlife 
diversity, we used multi-species hierarchical occupancy modelling. Finally, we used correla-
tion analysis to consider how strong a proxy canopy fractional cover served for ground-based 
diversity metrics related to structural and compositional diversity.

Forest cover, structure and diversity in GTGP and natural forest

We used contingency analysis to compare forest types between GTGP plots and natural forest 
sites. We used 2 tailed t-tests to compare CFC, average tree height, maximum DBH, average 
DBH, standard deviation of DBH, and percentage of understory cover between GTGP and 
natural forest sites. To account for effects of different observers on recording plant species, 
we used standard least square regression with individual observers as an independent variable 
in the model to test the difference in species diversity of understory, midstory and overstory 
vegetation between GTGP sites and natural forest sites. Poisson regression was used to test the 
difference in species richness (i.e. number of species) of understory, midstory and overstory 
vegetation.

Wildlife diversity in GTGP and natural forest

We used multi-species hierarchical occupancy modelling (Dorazio and Royle 2005) with a 
Bayesian approach (Rich et al. 2016) to estimate the probability a species occurred within the 
area sampled by a camera station during our survey period, while accounting for incomplete 
detection (MacKenzie et  al. 2002). We treated each two-week period as a repeat survey at 
a particular camera station, resulting in an average of 17 (SE 1.1) surveys per camera sta-
tion. We interpreted probability of occurrence of a species at a camera site as probability of 
using the habitat at the plot during the sampling period rather than consider the site to be 
occupied permanently (MacKenzie et al. 2006). We applied a generalized linear mixed model-
ling approach to incorporate site-level characteristics affecting species-specific occurrence and 
detection probabilities (Dorazio and Royle 2005; Russell et al. 2009).

We hypothesized the occurrence of wildlife may be influenced by canopy cover (CFC) and 
vegetation types (evergreen broadleaf forest [reference level], mixed evergreen and decidu-
ous forest, deciduous forest, bamboo, and afforested conifer) and detection probability may be 
affected by presence of humans and dogs and distance to human disturbance. The occurrence 
probability for species was specified as:
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and detection probability as:

We standardized all continuous covariates to have a mean of zero and standard devia-
tion of one to help model convergence. Therefore, the inverse logit of α0 and β0 are 
the occurrence and detection probability, respectively at a camera station in evergreen 
broadleaf forest and with average covariate values. The remaining coefficients of con-
tinuous covariates (i.e. α1, β1 and β2) represent the effect of a one standard deviation 
increase in the covariate value.

We linked species-specific models to community models by treating species as ran-
dom effects derived from community (Zipkin et  al. 2010; Rich et  al. 2016). Because 
wildlife species may react to environmental covariates differently as a function of ani-
mal type and body size, we divided wildlife into four groups based on animal type and 
mean body mass for males and females (Smith and Xie 2008). The four groups were 
pheasants, small (< 10  kg), medium (10–50  kg), and large (> 50  kg) mammals (Sup-
plementary S2). We estimated overall species richness and richness by wildlife groups 
at each camera station. More information about the occupancy modeling and detailed 
specification for the group model and how we calculated species richness is presented 
in the Supplementary (S1). We used a 2-tailed t-test to compare mean estimated species 
richness of wildlife between GTGP sites and natural forest sites.

Correlation between CFC, forest structure, and species biodiversity

To assess whether CFC is a good proxy for forest structure and species diversity of 
wildlife and plants, we used Spearman rank-order correlation to test association 
between CFC and average tree height, maximum DBH, average DBH, standard devia-
tion of DBH, understory, midstory, overstory plant species diversity and wildlife species 
richness.

Results

Forest cover, structure and diversity in GTGP and natural forest

Forest type at GTGP sites was significantly different from that at natural forest sites 
(χ2 (4, N = 65) = 45.54, p < 0.001; Fig.  2a). The most common forest type at natu-
ral sites was mixed evergreen deciduous forest (53%, n = 49) while the most common 
forest type at GTGP plots was conifer (69%, n = 16), which represented 0% at natural 
forest sites. Moreover, deciduous forest accounted for 18% at natural forest sites but 
was missing at GTGP sites. In general, overstory and understory cover were similar 
between GTGP plots and natural forest plots as CFC, average DBH, average tree height, 
and understory cover were not significantly different between GTGP and natural sites 

logit (probability of occurrence) =�0 + �1(CFC) + �2(bamboo) + �3(conifer)

+ �4(mixed evergreen and deciduous) + �5(deciduous),

logit (detection probability) = �0 + �1(detection rate of humans and dogs)

+ �2(distance to human disturbance).
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Fig. 2  Types of vegetation cover (a), and species diversity of understory, midstory, and overstory vegetation 
(b) at Grain-to Green forest and natural forest in Fanjingshan National Nature Reserve, China, 2015–2016

Table 1  Mean (x), standard error (SE), and results of t tests of forest structure between Grain-to-Green 
(GTGP) forest and natural forest (N = 65) in Fanjingshan National Nature Reserve, China 2015–2016

Variables GTGP Natural t ratio p value

x SE x SE

Cover (CFC, %) 70.51 2.89 69.07 5.06 0.25 0.80
Average DBH (cm) 9.49 0.95 10.64 0.54 − 1.06 0.29
Maximum DBH (cm) 24.95 2.77 40.71 2.81 − 3.99  < 0.001
Standard deviation of DBH (cm) 4.59 0.49 7.94 0.56 − 4.50  < 0.001
Average tree height (m) 9.07 1.06 9.18 0.60 − 0.09 0.92
Understory cover (%) 31.60 6.60 28.60 3.80 0.38 0.70
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(Table 1). However, there were fewer big trees and less variation in forest structure at 
GTGP sites, evidenced by lower maximum and standard deviation of DBH comparing 
to natural plots (Table 1). Diversity of understory and midstory vegetation was not sig-
nificantly different between GTGP sites and natural sites after accounting for the effect 
of observer (understory: F2,64 = 2.45, p = 0.09; midstory: F2,64 = 1.24, p = 0.30; Fig. 2b). 
We also found species richness of understory (χ2 = 1.9, p = 0.17) and midstory veg-
etation (χ2 = 0.73, p = 0.39) were not significant between GTGP sites (understory: 4.9 
species SE [0.34], midstory: 4.1 species SE [0.33]) and natural sites (understory: 3.5 
species SE [0.25], midstory: 3.5 species SE [0.18]). Overstory plant diversity and rich-
ness were significantly lower at GTGP sites than at natural sites (diversity: F2,64 = 15.39, 
p < 0.001; richness: χ2 = 17.38 p < 0.001) after accounting for effect of observers. The 
diversity and species richness of overstory vegetation were 1.40 (SE 0.08) and 4.3 spe-
cies (SE 0.22) respectively at natural sites while were 0.49 (SE 0.14) and 2.4 species 
(SE 0.44) respectively at GTGP sites (Fig. 2b).

Wildlife community in GTGP and natural forest

We detected 19 species of wildlife over 15,263 trap nights at 62 of 65 plots. Camera sta-
tion-specific estimates of species richness ranged from 3 to 13 species (Supplementary S3), 
with a mean of eight species. Mean species richness was greater at natural sites (9 species 
SE [0.35]) than at GTGP sites (6 species SE [0.39]) (t61 = − 5.73, p < 0.001, Fig. 3a). Com-
paring to evergreen broadleaf forest, mean species richness was lower in bamboo (5 species 
SE [0.82]) and coniferous forest sites (5 species SE [0.39]), and was highest in deciduous 
forest sites (10 species SE [0.48], Fig. 3b).

The mean probability of occurrence across all species and camera stations was 0.39 (SD 
0.08, 95% CI 0.23–0.56), ranging from 0.11 for Grey snub-nosed monkey to 0.83 for wild 
boar (Sus scrofa). The mean detection probability across all species was of 0.11 (SD 0.02, 
95% CI 0.07–0.16), ranging from 0.01 for Asian black bear to 0.4 for muntjac (Supplemen-
tary S2). Overall, CFC had no effects on probability of occurrence, but only Golden pheas-
ant (Chrysolophus pictus) showed a negative effect (i.e. 95% CI does not overlap zero, Sup-
plementary S2). At community level, probability of occurrence was lower at bamboo and 
coniferous forest comparing to at evergreen broadleaf forest, the reference level (Table 1). 
Comparing to evergreen broadleaf forest, seven of 19 species had higher probability of 
occurrence at mixed evergreen and deciduous forest, and three species had greater prob-
ability of occupancy at deciduous forest (Supplementary S2). Between GTGP sites and 
natural sites, three species had greater or equal to 0.5 of estimated occurrence probability 
at GTGP sites, including Elliot’s pheasant (0.82 SE [0.08]), hog badger (Arctonyx colla-
ris, 0.50 SE [0.11]), and wild boar (0.75 SE [0.05]), while probability of occurrence of 
eight species were > 0.5 at natural sites. Overall, species had lower detection probability in 
areas with presence of human and dogs, especially for large mammals (Table 2). Detection 
probability decreased as distance to human disturbance increased, and the association was 
greatest for medium mammals (Table 2). As expected, precision of estimates was lower for 
species with limited numbers of detections, leading to diffuse posterior distributions for 
their estimates of covariate effects. The Gelman–Rubin statistics indicated convergence for 
all parameters.
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CFC, forest structure and species biodiversity

CFC was positively correlated with average DBH (r = 0.34, p = 0.004), maximum DBH 
(r = 0.40, p = 0.002) and standard deviation of DBH (r = 0.45, p < 0.001). CFC was not cor-
related with average tree height (r = 0.20, p = 0.3). Among forest types, CFC was highest at 
bamboo (87% SE 2.2), following by evergreen broadleaf (79% SE 2.7), mixed evergreen 
deciduous (70% SE 4.0), and coniferous forest (67% SE 4.0), and was lowest at deciduous 
forest (46% SE 7.6). CFC was not correlated with either diversity (r = − 0.06, p = 0.63) or 
richness (r = − 0.02, p = 0.87) of overstory vegetation, as well as understory, midstory plant 
diversity and richness (p > 0.1). CFC was negatively correlated with estimated wildlife spe-
cies richness (r = − 0.38, p = 0.003, Fig. 3c).

Discussion

The GTGP program, like other PES programs, has been deemed to be a successful and 
effective land management strategy at improving some ecosystem services such as reduc-
ing soil erosion and surface runoff (Ouyang et al. 2016). With direct measurements of for-
est structure, plant and wildlife diversity, and occupancy of wildlife species, this study is 
one of the first to assess multiple ecological outcomes of PES program using several care-
fully chosen metrics of species and structural diversity. Our results suggest that PES pro-
grams, like GTGP, are associated with some measures of biodiversity benefits. In FNNR, 
we found understory and overstory plant cover, as well as understory and midstory plant 
diversity were comparable in GTGP and natural forest sites. Likewise, we found that refor-
ested GTGP sites provided habitat for some species of interest in conservation, e.g., Elliot’s 
pheasant (Chinese protected class I, IUCN Nearly Threatened) and hog badger (IUCN Vul-
nerable). Both findings suggest that, in addition to achieving the primary goals of reducing 
soil erosion and surface runoff, GTGP reforestation had some positive effects on biodiver-
sity in FNNR.

However, there were important differences between GTGP forest and natural forest, par-
ticularly in the types of forest cover and heterogeneity of overstory vegetation. As a result, 
some biodiversity measures, such as plant overstory diversity and wildlife species rich-
ness, were significantly lower in GTGP forests than in natural forest. Recent PES research 
has flagged the need to develop reliable plant and animal diversity and function indica-
tors, which can be used to measure, monitor, and assess the ecological outcomes of PES 
programs, improving PES program development and implementation (Barton et al. 2009; 
vonHaaren et al. 2012; Yin et al. 2013). Our analyses support this assertion as we found 
that an increase in forest canopy cover, a commonly used indicator of improved ecologi-
cal conditions in the PES literature, was not a reliable proxy for increased floral or fauna 
diversity in FNNR.

Fig. 3  Mean estimated wildlife species richness between Grain-to Green forest and natural forest (a), 
among forest types: bamboo, afforested conifer, evergreen broadleaf forest, mixed evergreen and deciduous 
forest, and deciduous forest (b), and in relation to canopy fractional cover in Fanjingshan National Nature 
Reserve, China, 2015–2016

▸
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Influence of GTGP on plant and wildlife diversity

Although the primary goal of GTGP is to increase forest cover to mitigate soil erosion and 
runoff while providing residents economic benefits (Wandersee et al. 2012), other ecologi-
cal outcomes including carbon sequestration, habitat restoration and supporting biodiver-
sity have been identified as important outcomes for the PES program (Ouyang et al. 2016). 
While GTGP sites were found to have some diversity measures that were similar to natural 
forest sites, species, the diversity of tree and overstory species, planted at GTGP forest was 
low, and represented replacement rather than restoration as the planted species were not 
selected to represent the local forest (Liu et al. 2008). These differences are not unexpected 
and likely stem from the species used in GTGP forests including Chinese red pine, Chinese 
fir, and bamboo. Although bamboo and coniferous species (like pine and fir) are native 
in FNNR forests, GTGP forests are homogeneous and often not at the typical elevations 
where these species naturally occur (Yang et  al. 2002). The lower diversity of overstory 
vegetation together with smaller tree size we observed at GTGP forest are also likely to be 
influenced by the expected successional dynamics (Huston and Smith 1987) and relatively 
short period since GTGP implementation (< 15 years).

Without a BACI design or counterfactual sites, it is challenging to directly measure how 
GTGP has affected any measure of floral or faunal diversity. However, given the empirical 
data on plant structure and diversity at GTGP sites, it is likely that some measures of plant 
and wildlife species richness have increased at GTGP sites since program implementation. 
Quantifying and characterizing these changes following PES implementation remains an 
important component of understanding the ecological impacts of GTGP, and other PES 
policy. Positive effects of PES on wildlife and wildlife habitat have been reported from 
several PES programs at other sites (Hua et al. 2016; Tuanmu et al. 2016; Basham et al. 
2016). In our analysis of FNNR, we found wildlife species richness at GTGP forest was 
lower than at natural forest, although three wildlife species—Elliot’s pheasants, hog badg-
ers, and wild boars—were found to have a fairly high (> 0.5) probability of occurrence at 
GTGP sites. The lower wildlife species richness at GTGP forest was likely driven by the 
limited variation in forest type, structure and tree species at GTGP sites, and the relatively 
short time scale since program implementation. Wildlife was less likely to use bamboo and 
coniferous forest, which comprise of the majority of GTGP forest. For species that primar-
ily use mixed evergreen and deciduous forests, like the Grey snub-nosed monkey (Niu et al. 
2010), the GTGP, as currently implemented, does not provide necessary habitat. A recent 
study of GTGP forests in Sichuan Province, China also found that while this PES program 
provides some support for bird and bee diversity, diversity levels of both taxa were lower in 
GTGP sites than in natural forest (Hua et al. 2016). Beyond the direct influence of GTGP 
on habitat and species diversity, GTGP may confer indirect benefits to species biodiversity 
conservation by elevating awareness of human impacts on wildlife and conservation stew-
ardship (Uchida et al. 2009; Wandersee et al. 2012).

Forest cover: an unreliable biodiversity proxy

Although canopy cover can be a key factor in predicting abundance or species richness of 
some groups of animals such as amphibians (Scheffers et al. 2014; Basham et al. 2016) and 
tree squirrels (Chen and Koprowski 2015), we found canopy fractional cover (CFC) was 
not a reliable proxy for many other ecological measures in FNNR. Although we found that 
CFC at GTGP forest was similar to CFC at natural forest, diversity of overstory vegetation 
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and wildlife species richness were not. CFC was highest in bamboo forest where wildlife 
species richness was lowest, and, conversely, CFC was lowest in deciduous forest where 
species richness was highest. This finding highlights the likely need for ecological moni-
toring beyond forest cover changes when considering positive co-benefits and ecological 
outcomes from PES programs. The recognition that CFC may not serve as a robust proxy 
for ecological metrics is important as GTGP has been suggested to increase biodiver-
sity based on habitat quality models driven by land use and land cover (Hou et al. 2017). 
Our analyses in FNNR demonstrate that higher forest cover may not translate into higher 
plant or wildlife species biodiversity gains. Furthermore, using increase of forest cover as 
a proxy would overestimate the biodiversity conservation co-benefits provided by GTGP. 
The results from FNNR align with larger scale analyses in China. A national assessment 
of PES programs found that improvements in ecosystem services, such as increased forest 
cover, food production, and soil retention have been reported, but biodiversity-related habi-
tat had decreased slightly (Ouyang et al. 2016).

Implications for PES programs and conclusions

In light of the pressing challenges to global ecosystems, there is a clear need for land man-
agement programs and policies to support both human well-being and ecological compo-
sition, process, and function (Scarano and Ceotto 2015). PES programs are an important 
management and land use instrument that aims to balance human and ecological well-
being1. By converting crop lands to forests, GTGP provides an important opportunities to 
reestablish forests in relatively short time periods (Yin and Yin 2010). However, GTGP 
forests are overwhelmingly monocultures across China (Liu et al. 2008; Hua et al. 2016), 
with only very few locations planted with native tree species similar to local natural for-
est. Although ecosystem services, like runoff and soil erosion reductions, are linked to 
increased forest cover, our findings and other research (e.g., Ouyang et al. 2016) suggest 
that canopy forest cover is not a good proxy forkey ecological outcomes, such as species 
richness or structure. Evidence from FNNR, consistent with another case study in Sichuan 
Province (Hua et  al. 2016), demonstrates that PES can provide modest improvements in 
some measures of species biodiversity. Yet, because PES programs like GTGP typically 
do not aim to restore vegetation communities to their original condition, the biodiversity 
gains by GTGP, as currently implemented, will likely be limited. As the Chinese govern-
ment’s commitment to ecosystem protection as a guiding vision, targeted changes to how 
GTGP sites are reforested is warranted (Wang et al. 2019). Sustainable and multi-purpose 
restored forests, i.e. forests that are managed for climate change mitigation, biodiversity 
conservation, and economic return, have been demonstrated to have the capacity to provide 
economically valuable resources like timber while also supporting species diversity (Nich-
ols et al. 2006; Nölte et al. 2018). For example, use of native and mixed tree species, exten-
sion of rotation, reducing thinning, and conversion to uneven-aged forest have been shown 
increase biodiversity gains but may also generate other environmental and economic ben-
efits such as carbon storage and tree harvesting (Hua et al. 2016; Nölte et al. 2018). Just 
as PES programs support multiple ecosystem services, there is a clear need to use multi-
ple ecological metrics to evaluate and assess the ecological outcomes of PES programs. 
Our results demonstrate an opportunity to improve the return on PES investment through 
changes in program goals and implementation strategies so that PES can simultaneously 
support multiple ecosystem services.
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