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The giant panda (Ailuropoda melanoleuca) is recognized worldwide as an icon for wildlife conservation. The Qinling subspecies (Ailuropoda melanoleuca qinlingensis) inhabiting the Qinling Mountains is more endangered. Previous studies have indicated that Qinling pandas are potentially at risk from environmental pollutants, which they are exposed to via food and drinking water. However, there is little information about the surface water quality in the Qinling Mountains, and it is unknown whether drinking water is an important pollutant source for pandas. Water samples were collected from five different nature reserves in Qinling, each of which is home to a population of pandas. The samples were analyzed for five essential metals of copper (Cu), zinc (Zn), manganese (Mn), chromium (Cr), and nickel (Ni) and four non-essential metals of lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg). The concentrations of all heavy metals (HMs) were higher in buffer zones than in the core areas and were highest in Foping and Niuweihe nature reserves. The concentrations of mercury exceeded the water quality standard in the core zone of three reserves, suggesting that NWH (Niuweihe), THS (Tianhuashan), and PHL (Pingheliang) giant panda populations were at risk from mercury toxicity. The accumulation of other elements over time could also pose a serious risk to pandas. Three main sources of pollution were identified: coal combustion, waste incineration, and fertilizer use; traffic-related activities; and metal mining. Environmental pollution is compromising the efforts to conserve the giant panda, and measures need to be put in place to control pollution sources.
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INTRODUCTION
The giant panda (Ailuropoda melanoleuca) is recognized worldwide as a symbol for conservation biology, but our previous research has indicated that conservation efforts are being compromised by the exposure of habitats to pollutants (Chen et al., 2016; Chen et al., 2017a). The Qinling subspecies (Ailuropoda melanoleuca qinlingensis) is one of the most endangered pandas, and therefore, understanding and addressing the reasons for its population change is of utmost importance (State Forestry Administration, 2015). In 1978, 13 conservation zones were established in the Qinling Mountains to protect the Qinling subspecies of giant panda. However, atmospheric transport and deposition of pollutants from urban and vehicle emissions have resulted in enhanced concentrations of heavy metals (HMs) and Persistent organic pollutants in panda habitats (Zheng et al., 2016; Chen et al., 2017a; Chen et al., 2017b; Chen et al., 2018). Pollutants in the atmosphere are removed via wet and dry deposition events (Amodio et al., 2014), resulting in elevated pollutant concentrations in vegetation (e.g., Zhou et al., 2019), soils (e.g., Zheng et al. (2016), and stormwaters (Gunawardena et al., 2013; Liu et al., 2018). Polluted soils are a source of contaminants for other environmental compartments (Sutherland, 2000), including nearby water bodies (Sansalone and Buchberger, 1997).
Pandas may be exposed to chemical pollutants via their food and by drinking contaminated water (Chen et al., 2016). Bamboo is the predominant food of giant pandas, comprising more than 99% of their diet (Edwards et al., 2006), and the wild pandas preferentially drink from flowing waters (Yong et al., 2012). There are no specific data on how much water wild pandas drink daily, but data from Qinling Giant Panda Research Center show that captive pandas consume approximately 5–7.5 L water every day. Little is known about whether surface waters in the Qinling Mountains are polluted, and if so, whether there is a potential environmental risk to pandas.
The total area of the Qinling giant panda habitat is 3,475 km2, but the influence of human activity has divided the habitat into six relatively isolated patches, each with its own panda population (SFA, 2015). The six populations are Xinglongling (XLL), Tianhuashan (THS), Niuweihe (NWH), Jinjiliang (JJL), Pingheliang (PHL), and Qingmuchuan (QMC) populations. The objectives of this study were to 1) explore the risk of HMs in the water body of the habitat of the giant panda, quantify spatial variation in the potential exposure of giant pandas to HMs via surface waters, and assess the risk this exposure poses to different populations and 2) classify HMs in surface waters in order to identify possible sources of contamination. The study focuses on four non-essential metals (lead [Pb], cadmium [Cd], arsenic [As], and mercury [Hg]), five essential metals (copper [Cu], zinc [Zn], manganese [Mn], chromium [Cr], and nickel [Ni]), and five of the six giant panda populations (i.e., the QMC population was excluded).
MATERIALS AND METHODS
Study area
Five nature reserves in the Qinling Mountains (105°29′29″–108°47′57″E, 32°50′18″–34°00′18″N), each home to a panda population, were investigated: Foping Nature Reserve (XLL population), Tianhuashan Nature Reserve (THS population), Niuweihe Nature Reserve (NWH population), Crown Mountain Provincial Nature Reserve (JJL population), and Pingheliang Provincial Nature Reserve (PHL population) (Figure 1). Each nature reserve is categorized into core and buffer zones. The core zones support rare and endangered wildlife, and access is strictly controlled. Access is only allowed for scientific research and, then, only if special approval is granted. Buffer zones surround the core zones, and their purpose is to mitigate external impacts on the core area. Again, access is restricted, and only scientific research and observation is allowed (Chen et al., 2018).
[image: Figure 1]FIGURE 1 | Water sample collection sites in five nature reserves in the Qinling Mountains. Each reserve supports a separate giant panda population: Niuweihe, Xinglongling, Tianhuashan, Jinjiliang, and Pingheliang. Samples were taken from the core protected area and surrounding buffer area of each reserve.
Sample collection, preparation, and analysis
A total of 52 water samples were collected from streams and rivers in core (n = 23) and buffer (n = 29) zones across the five nature reserves (Figure 1). Before collecting the samples, 150-mL polyethylene narrow-mouth bottles were washed with ultra-pure water and rinsed 2–3 times with stream or river water. After collection, 0.05–0.1 mol/L nitric acid was added to each sample before they were placed in a foam incubator with ice packs ready for transporting to the laboratory. The samples were processed by first filtering through a 0.45-µm-pore size filter using a Millipore filtration unit. Then, 100-mL samples were added to a 150-mL polytetrafluorethylene beaker, to which was added 5 mL GR-grade nitric acid. All 52 samples plus 4 blank controls were prepared and then digested using an electric hot plate at 90°C–95°C and evaporated to 15–20 mL. After digestion, the samples were diluted to 25 mL with ultra-pure water and stored at −4°C prior to analysis.
Metal concentrations were measured by atomic absorption spectroscopy (AAS; ZEEnit 700 P, Analytik Jena, Germany). As and Hg were measured using the HS55 Hydride System, and the other elements were measured by graphite furnace AAS. All concentrations of metals were expressed in micrograms per liter (μg/L). The standard reference material recoveries were within 10% of the certified values, and the standard reference materials were performed in triplicate for all analyses.
GIS spatial analysis
The spatial distributions of metal concentrations were visualized using a geographic information system (GIS) (Hou et al., 2017). The HM concentrations were normalized by logarithm and Box–Cox transformation before using the Geostatistical Analyst tool (ArcMap 10.5; ESRI Inc., United States). The concentration data for five metals (Pb, Cd, Cr, Ni, and As) were not normalized by these procedures, and therefore, the disjunctive kriging method was adopted for spatial interpolation (Supplementary Table S1). The appropriate statistical module was selected based on the distribution and prediction errors of the data. The optimal model was selected when the root mean square error was small and close to the average standard error, the mean standardized error was close to 0, and the root mean square standardized error was close to 1.
Ecological risk assessment
The measured concentrations of HMs were compared with the Chinese Environmental Quality Standards for Surface Water (GB3838-2002). Because the study areas were nature reserves, they were expected to be of the class-I standard for each metal in this study. The HM pollution index (HPI) and the comprehensive pollution index were calculated.
The HPI provides a composite measure for the influence of individual HMs on the overall water quality (Reza and singh, 2010). The HPI model (Mohan et al., 1996) is given by Equation 1, and this model was used in the evaluation of HMs in water at home and abroad (Mohan et al., 2008; Wanda and Gulula, 2012; Qu et al., 2018).
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where i is the ith heavy-metal parameter; Qi is the sub-index of the ith heavy metal; Wi is the unit weight of the ith heavy metal, reflecting its relative importance; and n is the number of heavy metals considered. Qi is a function of the ratio of the measured concentration (Ci μg/L) to the maximum permissible standard (Hi μg/L) for each metal (i.e., class-I standard limit value of GB3838-2002; Equation 2). Wi is inversely proportional to the maximum permissible standard, and K is a proportionality constant, which takes the value 1 (Equation 3). The critical HPI for drinking water is 100 (Prasad and Bose, 2001), and HPI values greater than 100 indicate potential risk.
The comprehensive pollution index (R; Equation 4) is the average ratio of the measured concentration to the maximum permissible standard for each metal (Ri; Equation 5).
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When R is less than 1, there is no risk from HM pollution. Values of R between 1 and 2 indicate mild HM pollution risk, values between 2 and 3 indicate moderate pollution risk, and values greater than 3 indicate very high pollution risk.
Multivariate statistical analysis
Data normality was assessed with Tukey’s test, two-way ANOVA was selected for data with a normal distribution, and Tukey’s test was selected for data that had a non-normal distribution (Li and Feng, 2012; Zheng et al., 2016). The statistical analyses were performed using the statistical package SPSS 20.0 (IBM SPSS Statistics, IBM Corp., United States).
PMF model
Positive matrix factorization (PMF), proposed by Paatero and Tapper (1994), is a receptor model that explicitly addresses non-optimal scaling in source apportionment for environmental variables. The PMF model has been used to identify source profiles for the HMs and polycyclic aromatic hydrocarbons in environmental samples (Huston et al., 2012; Taghvaee et al., 2018). Following the study by Zhao et al. (2020), we use the United States Environmental Protection Agency (USEPA) PMF 5.0 software program (REF) to calculate the source profiles for HMs in water sampled from the panda habitat.
RESULTS
Heavy-metal concentrations
The descriptive statistics for Cu, Zn, Mn, Pd, Cr, Cd, Ni, As, and Hg in water samples are shown in Table 1. The relationship between the measured concentrations of HMs in surface waters and maximum permissible standards is shown in Figure 2. The maximum permissible water quality standard of HMs was compared to national guide values from the Ministry of Environmental Protection (MEPC) of the People’s Republic of China. Regarding HM concentrations in water, the mean values except for Hg (Cu: 2.36 μg/L; Zn: 4.05 μg/L; Mn: 3.26 μg/L; Pb: 3.16 μg/L; Cd: 0.02 μg/L; Cr: 1.96 μg/L; Ni: 1.33 μg/L; and As: 1.96 μg/L) were all below the surface water quality standards. Although not exceeding the standard, the concentrations of nine heavy metal were significantly higher in the buffer zones than those in the core zones (Cu: 3.75 times; Zn: 2.15 times; Mn: 5.18 times; Pb: 2.40 times; Cd: 3.00 times; Cr: 1.69; Ni: 5.36 times; As: 3.00 times; and Hg: 1.60 times) except cadmium (Table 1). The results of the study on the concentration of HMs in water are basically consistent with the results of other research studies (Zhao et al., 2020). Metal concentrations were higher in buffer areas than in core protected areas, which is consistent with the impact of human activities (Mondal et al., 2010). The mercury level exceeded the maximum permissible water quality standard of 0.05 μg/L, and this standard exceeded in the core zones of all the reserves studied except the Foping National Reserve (Figure 2).
TABLE 1 | Concentrations of Cu, Zn, Mn, Pb, Cd, Cr, Ni, As, and Hg in water samples collected from different population distribution areas of Qinling giant panda habitats. Data (mean ± standard error; µg/L) with lowercase letters (a–e) indicate significant differences at different core areas or different buffer areas, and with x and y indicate significant differences between the core and buffer areas according to Kolmogorov–Smirnov Z. All abbreviations are described in the table.
[image: Table 1][image: Figure 2]FIGURE 2 | Concentrations (mean ± standard error; µg/L) of nine heavy metals in water samples collected from the habitats of five populations of the giant panda in the Qinling Mountains, Niuweihe (NWH), Xinglongling (XLL), Tianhuashan (THS), Jinjiliang (JJL), and Pingheliang (PHL). Water samples were taken from surface waters in the core protected area (white bars) and surrounding buffer area (blue bars). Different lowercase letters (a–e) over the blue bars indicate significant differences among core areas, and different uppercase letters (A–E) over red bars indicate significant differences among buffer areas. * indicates significant differences between core and buffer areas. The dotted horizontal line is the maximum permissible concentration for each metal.
Spatial variation in metal concentrations
There was significant spatial variation in the concentrations of HMs in surface waters (Figure 2). Overall, the concentrations of all HMs were significantly higher in surface water collected from buffer zones than in water collected from the core zones (two-way ANOVA: F1, 42 ≥ 9.21; p < 0.01) and significantly different between reserves (two-way ANOVA: F4, 42 ≥ 4.53; p < 0.01).
For all metals except Cr and Hg, the highest concentrations of metals measured were in surface water samples from the buffer zone of XLL and the highest concentrations of Cr and Hg in water samples from the buffer zone of HWH. Focusing on surface waters in the core zones, the highest concentrations of Cd, Cr, Ni, As, and Hg were from NWH; the highest concentrations of Cu, Zn, and Mn were from JJL; and the highest concentrations of Pb were from XLL (Figure 2).
The spatial distribution characteristics of different HMs are shown in Figure 3. The distribution characteristics of Cu, Zn, Mn, and Pb were similar, and the high-value area was found in the surrounding area of XLL. The distribution characteristics of Cr and Ni were also similar, and the high-value area was found in the buffer zone of XXL and NWH. The most serious zone of Hg was the buffer area of PHL.
[image: Figure 3]FIGURE 3 | Spatial distribution of nine heavy metals in water samples collected from surface waters in the Qinling giant panda habitat.
Assessing ecological risks
The average HPI calculated using the concentrations of all nine heavy metals varies within and between nature reserves (Figure 4). The HPI results of the main stream of the Weihe River in Shaanxi and its branches in 2016 ranged from 29.2 to 40.8 (Wang et al., 2021), all of which were less than 100 and consistent with the results of our study. The index was significantly higher for buffer zones than core zones (two-way ANOVA: F1,42 ≥ 6.25; p < 0.01) and was highest for surface water samples from NWH (two-way ANOVA: F4,42 > 3.26; p < 0.01). However, in no case did the index exceed 100, and therefore, no unacceptable risk of HM pollution was detected.
[image: Figure 4]FIGURE 4 | Heavy metal pollution index (HPI) for water samples collected from the core and buffer zones of five giant panda population habitats in the Qinling Mountains: NWH, XLL, THS, JJL, and PHL. Dotted line denotes class I standard. Data (µg/L) are presented as the mean ± standard error. All within-reserve core zone vs buffer zone comparisons were statistically significant. Different lowercase letters (a–e) indicate significant differences.
The analysis result of the comprehensive pollution index showed that the Ri values of the nine heavy metals in water bodies were all less than 1, suggesting that the water body in the research area was in a good state at the present stage, but mercury pollution, especially in the buffer areas, should raise concerns (Figure 5). Mercury, as a highly toxic and unnecessary element, could accumulate in the body after long-time exposure, causing tissue and organ lesions and canceration and then threaten the survival and health of rare wild pandas (Khazaee et al., 2016). In addition, it is worth noting that Ri values in the buffer zone of XLL are generally high, especially for Pb and Cu pollution (Figure 5), because the content of Cu and Pb in natural water was low, and the mode of migration was mainly attached to suspended solids. The comprehensive pollution index (R) also varied significantly within and between reserves (two-way ANOVA: F4,42 ≥ 7.49; p < 0.01; Figure 6) but in all cases was less than 1, indicating no unacceptable HM risk.
[image: Figure 5]FIGURE 5 | Ri value of heavy metals in water samples taken from five areas of Qinling giant panda habitats: NWH, XLL, THS, JJL, and PHL. (A) denotes core area, and (B) denotes buffer area.
[image: Figure 6]FIGURE 6 | Comparison of the comprehensive heavy-metal pollution index (R) for surface water samples taken from five areas of Qinling panda habitats: NWH, XLL, THS, JJL, and PHL. Red line denotes class I standard. Data (µg/L) are presented as the mean ± standard error. Different lowercase letters (a–c) indicate significant differences among core areas, and different uppercase letters (A–C) indicate significant differences among buffer areas. All comparisons between core and buffer areas within the same area were significantly different.
Identifying potential heavy metal sources
The PMF model results showed that HMs present in surface water collected from the panda habitats were grouped into three main factors, implying three distinct sources of metal contamination (Figure 7). Factor 1 contributed 17% to the total HM concentrations and was characterized by high concentrations of Cd, Cr, As, and Hg. Factor 2 contributed 42% to the total heavy metal concentrations and was characterized by high concentrations of Cu, Zn, Pb, Cd, Cr, and Hg. Factor 3 accounted for 41% of the total HM concentrations and was characterized by high concentrations of Cu, Mn, and Ni.
[image: Figure 7]FIGURE 7 | Source profiles of heavy metals and related pollutant sources obtained from the PMF analysis.
DISCUSSION
The first objective of this study was to explore the potential exposure of giant pandas to HMs via surface water and to assess the risk to five different populations in the Qinling Mountains. The mercury level exceeded the maximum permissible standard; the most serious zones were the buffer areas of NWH, THS, and PHL, and the “hotspots” are shown in Figure 3. Mercury exposure has been linked with increased incidence of several illnesses. For example, mercury damages the central nervous system and endocrine system of animals; it causes immunotoxicity and can have transgenerational effects (Alvarez et al., 2006; Vieira et al., 2009; Khazaee et al., 2016). A classic example of mercury toxicity is Minamata disease (Kurland et al., 1960; Michelle et al., 2015). In addition, it is generally higher in the buffer zone of XLL, especially Cu and Pb. Even though the concentration of these elements did not exceed the standard (maximum concentration of Cu = 6.96 μg/L < 10 μg/L; maximum concentration of Pb = 6.87 μg/L < 10 μg/L), there is potential for adverse effects as these elements can accumulate in tissues and biomagnify along food chains (Burger, 2008; Brahmia et al., 2013; Tang et al., 2013; Tang et al., 2014). Lead is one of the five most toxic elements (Hg, Cr, Cd, As, and Pb), and Pb exposure has been linked with the increased incidence of reduced reproductive function (Brahmia et al., 2013; Neal and Guilarte, 2013; Uddh-Soderberg et al., 2015). Previous research has demonstrated that giant pandas are exposed to metals (e.g., cadmium, lead, arsenic, and mercury) via soil, food, and water, and that this may be linked to health risks (Fan et al., 2002; Mark and Robert, 2002; Filgueiras et al., 2004; Sundaray et al., 2011; Zheng, 2016). The HPI and R were used to assess the risk of multiple metal exposure. However, the results of HPI and R indicated an acceptable risk from metal contamination for any of the study reserves.
The second objective of this study was to identify the possible sources of HM contamination in the giant panda habitats. The PMF model identified three factors of metals. The first factor was characterized by high levels of Cr, As, Cd, and Hg and made a significant contribution (17%) to the total HM concentrations. High concentrations of Cr, As, and Hg are commonly considered to be indicators of coal combustion and waste incineration (Pirrone et al., 2010; Yang et al., 2011; Duan and Tan, 2013), and the concentrations of these metals were highest in NWH. This region has a larger rural population and agricultural land than the other reserves. Agricultural and domestic activities such as cooking with coal and incinerating rubbish are a likely source of local pollution (Huang et al., 2015). Previous research has shown that Cd in the environment is derived from the wear of automobile tires and car body parts (Johansson et al., 2009), as well as from agricultural activities, including the application of chemical fertilizers (Alloway, 1990; Yang et al., 2011). Factor-1 HM sources were therefore categorized as coal combustion and agriculture sources.
Factor 2, which contributed 42% of the total HM concentrations, featured high Cu, Zn Pb, Cd, Cr, and Hg loads. Vehicle emissions and oil pump wear are the important sources of lead (Lee et al., 2006; Yang et al., 2011). With the rapid increase in the number of vehicles and road infrastructure in China, pollution from traffic increases in severity and extent (Johansson et al., 2009; Feng et al., 2011; Zhang et al., 2015; Men et al., 2018). Although the majority of traffic-related pollution is generated in urban areas, rural highways are also an important source of vehicle emissions. Several highways cross giant panda habitats, and recent studies have shown that they are an important pollutant source (Zheng et al., 2016). Brake-pad wear is a source of Cu in the environment (Fujiwara et al., 2011), and tire wear is a major source of Zn (Block, 2005; Nabulo et al., 2006; Nabulo et al., 2010) Ygor et al. (2022) indicated that traffic was the main source of Hg contamination of road-side soils. Factor-2 HM sources were therefore categorized as intense traffic.
The third factor was metal mining sources, which accounted for 41% of the total HM concentrations. High concentrations of Cu, Mn, and Ni have been linked to metal mining, and the Qinling Mountains are rich in minerals including Cu, Mn, and Ni (Zhu et al., 1992). Metal mining, weathering of rocks, and soil erosion were therefore identified as important sources of factor-3 metals in this region.
CONCLUSION
This study demonstrated that surface waters in panda conservation areas are contaminated by HMs, and the mercury concentration exceed water quality standards in the core protected areas of three reserves, especially NWH. As shown in the results, the traceability of sources to regional risks has been greatly improved by coupling PMF models with calculated risks, and therefore, HM monitoring combined with risk source apportionment can serve as a basis for pollutants and risk controls aimed at achieving the better management of habitats and improving wildlife health. The results of the PMF analysis showed that coal combustion, waste incineration, and fertilizer use were potential sources of contamination by Hg, which is of particular concern in the agricultural area. Since the Qinling giant panda habitat is vast, it presents unusual conservation challenges. Environmental pollution compromises efforts to conserve the giant panda, and measures need to be put in place to control pollution sources, many of which may be some distance away from protected areas. Because of the spatial scale of the area to be protected and the potential pollution control measures, it is proposed that a special conservation zone such as the Giant Panda National Park that crosses administrative and geographic boundaries be established. In addition, long-term monitoring of pollution sources and risk assessment should be undertaken in order to effectively control and mitigate regional pollution.
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