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Abstract: Groundwater dependent ecosystems (GDEs) must have access to groundwater to maintain their ecological structure and function. The rapid expansion of humans has increased demands on groundwater for consumption, industry and agriculture, these demands alter groundwater regimes of natural GDEs, resulting in the degradation of ecosystem health. In order to improve the conceptual understanding of the role of groundwater in such ecosystems, this study examined key aspects of GDEs (hydrogeology, hydrogeochemistry and biodiversity) in the Langxi river watershed, North China. Results indicate that the karst in Langxi river watershed is well developed. The water chemistry types in the watershed were mostly HCO3-Ca type with different clustering characteristics, which indicate different degrees of interaction between surface water and groundwater, and that the recharge processes and flux of GDEs are different. Land use type and humidity maps were obtained by remote sensing interpretation, and combined with the groundwater isolines, it can be seen that in the dry season, when the groundwater level higher than the maximum depth of vegetation root system, and areas with high humidity, were the GDEs distribution areas. Water quality of the Longchi and Zhangxia Group aquifer is good and the content of Sr is high, suggesting that it can be used as a partial strontium type natural mineral water. It was also found that there are several types of stygofauna in the GDEs of the Langxi river watershed, indicating that the water quality of the sampling points has not been contaminated.
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1. Introduction

Groundwater dependent ecosystems (GDEs) include a series of ecosystems such as springs, wetlands, rivers, lakes and hyporheic zones, all of which are closely associated with groundwater or are dependent on groundwater recharge (Eamus and Froend, 2006). Groundwater can provide heat, water, energy, and nutrients for GDEs directly or indirectly, and the reliance can be continuous, seasonal or occasional (Kløve et al., 2011). It is generally acknowledged that GDEs can be divided into groundwater dependent wetland ecosystems, groundwater dependent terrestrial ecosystems, groundwater dependent base flow ecosystems, groundwater dependent karst ecosystems, groundwater dependent estuary coastal ecosystems, and so on (Hatton et al., 1997; Murray et al., 2003; Foster et al., 2006; Li and Song, 2009; Schenková et al., 2018).
There are many factors that influence GDEs, including precipitation, soil, vegetation, aquifer, climate change, etc. (Bowles and Arsuffi, 1993; Hancock et al., 2009; Laio et al., 2009; Dong and Zhang, 2011; Rohde et al., 2017; van Engelenburg et al., 2018). As early as in 1993, Bowles and Arsuffi (1993) investigated the karst spring water ecosystem in the Edwards plateau, and classified the aquatic species while analyzing the human activity impact factors. They put forward corresponding protection measures of the ecosystem to preserve the region for the future to come. In 2001, Sinclair Knight Merz (2001) studied the ecological water requirement and, legislation for the environmental water requirements, and further defined the building method of environmental water requirement, including water allocation of GDEs. A series of studies have also focused on the locations of GDEs, classification descriptions,  changes in soil moisture, stygofauna and aquatic vegetation, GDEs management, ecosystem services, and so on (Cook and Lamontagne, 2002; Lamontagne, 2002; Murray et al., 2003; Eamus and Froend, 2006; Murray et al., 2006; Rohde et al., 2017). Humphreys (2006) pointed out that aquatic vegetation is closely associated with groundwater ecosystems. Tomlinson and Boulton (2010) analyzed the biodiversity, ecological processes and ecological service functions of GDEs in Australia, emphasizing the importance of other associated ecosystems, pointing out that the study of GDEs will have a significant impact on water resources protection planning, water resources assessment and environmental impact assessment.
Classification and mapping are important basic tasks needed to understand the distribution of GDEs. Remote sensing (RS) and GIS are often used in classification drawing and classification determination (Münch and Conrad, 2007; Howard and Merrifield, 2010; Naseem et al., 2016), the classification of species habitat and ecological hydrology of GDEs have also been suggested (Bertrand et al., 2012). A significant sign of GDEs is there are many stygofauna ranging in size from few millimeters to a few centimeters. Stygofaunas are mainly crustaceans, also including several Insects, Worms, Snails, Mites, Fishes, etc. (Humphreys, 2006). This type of groundwater biotic species are generally small in size, have a sluggish metabolism, low reproduction rate, long life span, no eyes, a transparent body, and usually live in calcareous conglomerate and fractures of bedrock aquifers in confined water. Together they form a GDEs biological basis with Protists, Bacteria, Archaea, and Fungi (Thulin et al., 2008; Long et al., 2012). Stygofaunas have a wide range of distribution in Australia and Europe, and as the key indicators of GDEs, the distribution, sampling, classification description and species diversity evaluation of the stygofauna communities have become important content within GDEs studies (Danielopol, 1989; Bowles and Arsuffi, 1993; Hahn, 2002; Hancock and Boulton, 2009). Nearly 2,000 stygofauna species have been found throughout Europe (Hahn, 2002), and more than 100 stygofauna species have been found in aquifers throughout arid Australia regions, including Fish, Dytiscid, and a variety of Ostracoda animals (Humphreys, 1999), and the most abundant underground Dytiscidae in the world exists in the desert boreholes in western Australia (Watts and Humphreys, 2006). Groundwater contains a large number of species, and the invasion of toxic surface substances can seriously affect their survival. Therefore, the strengthened management of surface water quality and supply, the control of pollutants and nutrients, and the management of human activities are necessary (Humphreys, 2011).
Wetlands, riparian buffer zones, streams hyporheic zones and a series of groundwater dependent ecosystems have been widely studied, especially in surface water and groundwater ecotones or hyporheic zones (Yuan and Luo, 2003; Robertson and Wood, 2010; Yang, 2013; Wang, 2013; Xia et al., 2013). The hydrological connectivity of streams’ hyporheic zones in the flinders ranges in southern Australia were analyzed with a conceptual model to describe the hydrological exchange between groundwater and surface water (Richardson et al., 2011). Using the concept of a hyporheic zone in surface water hydrology and hydrological ecology, a karst hyporheic zone has also been proposed (Wilson, 2013). Dogwiler and Wicks (2006) studied the heat variations in a karst hyporheic zone, quantitatively described heat variations along with the surface water inflow, seasonal change, and temperature differences between day and night. Pu and Yuan (2013) performed a systematic study on the origin, implication, research advances and monitoring techniques of the karst hyporheic zone.
Several scholars have proposed to study GDEs from the perspective of hydrology and earth ecology (Hancock, 2009), while others from the ecology and living conditions of groundwater biological community (Thulin, 2008). Others have stressed from GDEs from aquifer permeability and relevance with other ecosystems standpoint, using ecological hydrogeology (Tomlinson and Boulton, 2010). At the same time, more and more scholars have been studying the ecology of surface water and groundwater ecotones (hyporheic zone), and has made certain research results in hydrology, biological geochemistry and ecological hydrology (Robertson and Wood, 2010; Krause et al., 2011).
Jinan city is famous for its springs, including ascending springs, descending springs, doline springs, silting springs, and so on; karst spring protection and the sustainable utilization of the karst groundwater problems has always been a focus of academic circles and difficulties (Li and Ma, 2002; Di, 2007). Within the scope of the Jinan spring area, temporal and spatial differences exist in rainfall, infiltration, recharge and runoff process, lithologies, tectonics and aquifers. The surface water and groundwater interconversion is frequent, and GDEs have primarily formed in surrounding areas of both sides along the beaches and streams, low-lying lands and around caves. But as urbanization and the impact of human activities including land use, dam construction, groundwater exploitation, urban construction, agricultural irrigation and other activities continue to grow, ecosystems suffer varying degrees of damage, and phenomena such as flow attenuation, deterioration of water quality, decrease of aquatic biodiversity had arisen, resulting in the degeneration of ecosystems (Guo and Wang, 1989; Xu et al., 2007; Yin et al., 2017). Therefore, this study aims to find out the distribution and ecohydrological characteristics of GDEs in Langxi river watershed by means of remote sensing interpretation, water level monitoring, hydrochemical analysis, and stygofauna survey and sampling. Also, the results of this study may has great practical significance for reasonable exploitation and utilization of groundwater, water quality improvement, service value development of GDEs, improving protection and management of GDEs.

2. Materials and Methods
2.1. Study area
The study area is located in the Langxi river watershed, Jinan, China (Fig. 1). The Langxi river is one tributary of the lower Yellow River, 26.68 km long, 30-50 m wide, with an area of 137.8 km2 composed of three rivulets in the upstream that ultimately flow into the Yellow River. Yearly average rainfall is 603.79 mm, with more precipitation concentrated in June, July and August (rainy season) that accounts for more than about 65% of the annual average precipitation. Uneven spatial and temporal precipitation distribution and the influence of water resource utilization makes the runoff of the Langxi river very unstable. The maximum flow was 159 m3/s, and in dry season was only 0.5 m3/s.
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Fig. 1. Location and topography of study area
The topography of the Langxi river watershed in south is higher than that in north, surrounded by hills. The river valley is in the central area, and the morphology is given priority to with low hills and valley plain. The micro morphology mainly exists as downland, slope foot, intermountain depression, terrace, flood land, valley, etc. The average elevation is 100-250 m above sea level, with the highest point being Dazhai hill with an elevation of 447 m. The lowest point is where the Langxi river meets the Yellow River, with an elevation of 36 m above sea level.

Cambrian and Quaternary strata are widely distributed across the watershed, from the top of the hill to the river valley. The surface lithology in turn is made of hard limestone, Cambrian Zhangxia Group, Quaternary talus slope diluvium, fluvial-lacustrine of sandy clay and gravel, etc. Aqueous petrofabric consists of Quaternary unconsolidated porous rock aquifer and Cambrian carbonate fracture karst aquifer, ascending springs and descending springs are formed in different regions, due to the topography, tectonic activity, erosion, and so on. According to historical statistics, there are 34 springs distributed within the watershed; the Hongfanchi Town where the watershed is located is famous for its springs in the Shandong province.
2.2. Methods
There are three main standards for GDEs identification: first, whether there is any spring water coming out, springs are a very distinct type of GDEs and typically receive only groundwater, springs are mainly distributed in the discharge area of groundwater. Second, the relationship between groundwater level and river level, when the groundwater level is higher than the river level, the river receives groundwater recharge and forms GDEs along the riverbanks. Third, the relationship between the maximum depth of vegetation root and groundwater level, when the groundwater level is higher than the maximum root depth, root uptake from the groundwater saturated zone (Fig. 2). In this study, the following methods were used to identify the distribution and characteristics of GDEs.
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Fig. 2. Schematic diagram of GDEs processes (modified according to Foster et al. 2006)

(1) Remote sensing interpretation
Remote sensing technology was used to interpret satellite images of Langxi river watershed during the dry season to obtain the land use and humidity images of the area, and to interpret the distribution of river wetlands and riparian vegetation buffer zones. Firstly, remote sensing images (Landsat ETM+) was used to analyze wet and dry seasons of the year, the change of normalized difference vegetation index (NDVI), and interpret the possible representation characteristics of GDEs. Then GIS and DEM data were used to extract watershed characteristics, including filling in depressions under the hydrology module of DEM data, and coupling satellite images to draw distribution maps of GDEs.
  (2) Hydrogeological survey
Hydrogeological survey was used to determine the hydrogeological conditions and the distribution of springs across the study area. In addition to the field investigation of landform, stratum lithology, geologic structures, and so on, hydrogeological mapping also was performed, especially on groundwater level measurement of Quaternary and the carbonate aquifer in upstream area of Langxi river, and drawing water level isoline diagram.
(3) Hydrochemical analysis

Different types of water in the study area were selected for sampling, including karst groundwater samples, Quaternary pore water samples and surface water samples. All of the 10 water samples were filtered through a 0.45 μm filter. The liquid samples for metal analysis were acidified to pH 2 using pure HNO3 to prevent the precipitation of metals. Basic metals were determined with an inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500C), and dissolved anions were determined by ion chromatography (IC) (Metrohm 861). The composition and content of the main ions and pollutants in the water were determined, which can help to understand the status of water environment in the hyporheic zone.
(4) Stygofauna sampling
Stygofauna not only exist in surface water which is dependent on groundwater, but also appear in karst channels, artesian wells, ascending springs, pores of aquifers and hyporheic zone, so sampling is difficult. Sampling methods generally include pumping sampling, net sampling and unbaited traps sampling. In this study, pumping sampling and net sampling equipment were used. Nets with 50, 74 or 150 μm diameters of the meshes was designed specifically for this study, along with biological pump sampling equipment designed and developed. The sampling requirement of a few millimeters of tiny stygofauna was able to be achieved (Fig. 3).
Stygofaunas were saved with chemical reagents after sampling. Benthic invertebrates were saved in 70% ethanol or 5% formalin, Zooplankton (Cladocerans, Copepods) were saved in 100 mL water sample with 4-5 mL formalin, Zooplankton (Protozoa, Rotifers) were saved in water samples with 1% (v/v) lugol′s solution, and fishes were saved in 10% formalin. The morphological characteristics of the stygofaunas were observed by stereoscopic biological microscope (Olympus SZ61).
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 Fig. 3. Stygofauna sampling (a, b: Net sampling; c: Pumping sampling)
2.3. Steps
  Based on the above methods, the specific implementation steps were as follows:
  Firstly, remote sensing was used to interpret the humidity distribution in the study area, and preliminarily delineate the potential distribution of GDEs.
  Secondly, hydrogeological survey was carried out to measure groundwater levels and river levels, analyze the relationship between the depth of vegetation roots and groundwater levels, so as to determine whether the water needed for vegetation growth was provided by groundwater, and then drew the distribution map of GDEs.
  Finally, the ecohydrological and hydrochemical characteristics of GDEs in Langxi river watershed were comprehensively analyzed by means of hydrochemical analysis and stygofauna sampling.
3. Results and analyses
3.1. Distribution areas of GDEs

3.1.1. Humidity distribution
  GDEs are generally distributed in the interaction zone between surface water and groundwater, this zone is a typical dynamic ecological transition zone. During the dry season, the river flow is small or even completely dry, and the contribution of surface water in the zone is very limited. Most of the water in the zone comes from deep groundwater or lateral aquifers. Its distribution can directly be influenced by groundwater level. When the groundwater level is high, the upwelling flow from the zone can transfer water and nutrients to the river, which is fed by groundwater, to form a gaining river. On the other hand, when the groundwater level is lower than the river level, the river recharge groundwater, thus forming a losing river. The existence of the interaction zone is the foundation of GDEs.

  Identifying the location of GDEs is important in defining what restriction should be placed on the available groundwater. GDEs rely on groundwater for some, or all, of their water requirements, mostly to maintain the structure, composition and function of such ecosystems. Understanding the nature and location-dependency of GDEs is crucial where ecosystem survival might be critically affected by even a small change in groundwater level. According to Eamus et al. (2006), the vegetation may rely on groundwater if it meets one or more of seven criteria, and in this study area, we classify the GDEs according to the following two types: (1) the groundwater or the capillary fringe is within the vegetation rooting depth; (2) significant surface expressions of groundwater are present (e.g., springs).
  In general, GDEs areas are characterized by specific types of plant communities with generally high humidity requirements, which can be transposed to groundwater depth. The utilization degree of vegetation to groundwater decreases with the depth of burial, which is influenced by topography in space and controlled by seasonal change and water level fluctuation in time. Groundwater supplies root layer water through capillary rise, and the key variables in this case are groundwater level, evapotranspiration, rhizosphere water potential, etc., but most soils do not have significant capillary water flow in vertical space larger than 2 m. The groundwater level occurrence needed for the existence of particular plant communities in the GDEs areas in Langxi river watershed are mainly trees and grasses, and the root depth of grasses root is generally 0.75 to 1.5 m, the root depth of trees can reach more than 4 m. The terrain of the study area is high in the south and low in the north, and the land use types are mainly woodland, grassland, cultivated land, residential land and unused land. In the dry season, the river water level is very low and even dried up in some reaches, and the humidity along the river is high with flourishing vegetation. The water requirement of the surface ecosystem in the dry season (February 2017) was recharged by groundwater, especially in the upper reaches of Langxi river watershed (Fig. 4).
[image: image6.png]Legend

Humidity area

River
®  Descending spring|
Humidity

- 100%

| 0





Fig. 4. Humidity map of the river gaining reaches
3.1.2. Springs distribution
According to historical materials and hydrogeological survey results, the springs in the watershed mainly include ascending springs, erosion descending springs, doline springs and artificial artesian wells; the distribution of this type of GDEs is shown in Table 1 and Fig. 5.
Table 1
Details of the springs
	Spring name
	Location
	Genetic type
	Discharge (m3/d)
	Description

	Longchi spring
	North of the Hongfanchi town government
	Ascending spring
	635.0
	Not dry all year round

	Shuyuan spring
	Eastern end of Shuyuan village Hongfanchi town
	Erosion descending spring
	9787.4
	Not dry all year round

	Hu spring
	400 m southwest of Beiya village Hongfanchi town
	Doline spring
	835.6
	Flow cutoff in dry years, can be pumped

	Riyue spring
	Nantian taoist temple of Hongfanchi town
	Erosion descending spring
	54.8
	Not dry all year round, the spring flux is small

	Ding spring
	Dingquan village of Hongfanchi town
	Erosion descending spring
	939.7
	Flow cutoff in dry years

	Baiyan spring
	Baiyanquan village of Hongfanchi town
	Erosion descending spring
	575.3
	Flow cutoff in dry years

	Bajian spring
	East of Baiyanquan village Hongfanchi town
	Erosion descending spring
	402.7
	Flow cutoff in dry years

	Tianchi spring
	Tianchi hill of Dongchi village Hongfanchi town
	
	-
	No water gushing

	Changgou spring
	Gully from Zhanghai village to Nanliuzhuang village of Hongfanchi town
	Erosion descending spring
	-
	Be buried by landslides

	Zhahu spring
	West of Renzhuang village Hongfanchi town
	Erosion descending spring
	-
	Overflow in flood season, seasonal spring

	Lang spring
	Dingquan village Hongfanchi town (under the Dazhai hill)
	Erosion descending spring
	-
	Plunge down to the reservoir

	Longshan spring
	300 m north of Beizhangxin village Dong'e town
	Erosion descending spring
	367.1
	Overflow in flood season, seasonal spring
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Fig. 5. Distribution map of springs in the watershed

In the region of Hongfanchi town, a large number of Zhangxia Group aquifers are exposed at the surface and are, typically 5-60 m thick. With a purple shale and mudstone of the Mantou Group underlying the rock strata, this shale is a better water-resisting layer in the area compared to Zhangxia Group aquifers in other regions. The bottom of the Zhangxia Group limestone, along the karstic fissures are tectonic development locations, that are mainly exposed in the form of descending springs (Fig. 6), such as the Shuyuan spring, Ding spring, Bajian spring, etc. In the Longchi, artesian wells distributed along the left bank of the Langxi river, with thin Quaternary strata in this area, it consists of pebbles mixed with sandy clay lacustrine facies sedimentary formation. Quaternary aquifers are recharged by karst groundwater and artesian wells erupt due to the pressure.
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Fig. 6. Sketch diagram of Shuyuan spring
3.1.3.GDEs distribution
  In the upper reaches of Langxi river watershed, especially near the springs, the karst groundwater level was higher than the Quaternary groundwater level, and the Quaternary groundwater level is higher than the maximum depth of vegetation root system, at which time the karst groundwater recharged the Quaternary groundwater, then provides water for the vegetation. Therefore, this type of GDEs can be determined by the distribution area of groundwater buried depth. As the terrain is relatively slow in the lower reaches, the underground runoff movement is slow, and human activities are frequent, the amount of groundwater exploitation gradually increases, resulting in the groundwater level lower than the river level, the distribution of GDEs is not obvious here (Fig. 7).
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Fig. 7. Groundwater buried depth isolines and GDEs distribution areas
3.2. Ecohydrological characteristics
3.2.1. Hydrological characteristics of springs
According to statistics, the discharge of the Shuyuan spring is directly related to rainfall, indicating that this descending spring is directly recharged by rainfall (Fig. 8). The discharge of the Longchi spring is relatively stable, indicating that this spring is recharged by deep karst water. Although the Longchi spring did decrease in flow after a rainfall, this was directly related to the formation of karst springs connected to its water source. Overall, the discharge of Longchi spring less affected by rainfall, and has a longer lag time for recharge of 2-3 months. The spring exposed in the west bank of the middle part of the Langxi river in the mountain valley overlying thick Quaternary sandy clay has a much longer recharge time.
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Fig. 8. Relationship between precipitation and Shuyuan spring discharge

  The internal properties and karstification degree of different karst aquifers can be understood or compared by using the commonly used method of exponential attenuation analysis of karst springs. The spring discharge of the Shuyuan spring during a typical period without rainfall (1993/7-1994/7) is selected for analysis, the hydrologic process line of Shuyuan spring is showed in Fig. 9.
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Fig. 9. Hydrologic process line of Shuyuan spring
  The spring discharge attenuation curve can be expressed by Eq. (1):
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                               (1)
where Q is the spring discharge, a is the exponential attenuation coefficient, and t is the time. According to the attenuation curve of Shuyuan spring, the attenuation process of the spring can be divided into 3 stages, which respectively represent the flow attenuation change process of multi-layer water bearing formation of aquifer (Fig. 10). The first stage (0-10 days) represents a large water storage spaces such as large-scale solution cavity, large-scale conduit and siphons, belongs to concentrated flow aquifer with turbulent condition. The spring discharge attenuation curve of this stage can be expressed by Eq. (2):
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                                           (2)
The second stage (11-50 days) indicates the existence of large dissolution fractures and big-size corrosion voids, which belong to fracture flow. The spring discharge attenuation curve of this stage can be expressed by Eq. (3):
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                                           (3)
The third stage (51-141 days) indicates the existence of small corrosion crack, fractures, and intergranular pores, belongs to diffused flow aquifer and has laminar flow property. The spring discharge attenuation curve of this stage can be expressed by Eq. (4):
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                                          (4)
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Fig. 10. Attenuation curve of Shuyuan spring discharge

3.2.2. Hydrochemical characteristics

Water samples collected in this study included karst groundwater, Quaternary pore water and surface water. All reported pH, EC (electric conductivity) and alkalinity were tested in the field (Table 2), and drawn onto a piper plot (Fig. 11).
The water quality analysis shows that most of the water samples pH were in the range of 7-7.5, a weakly alkaline system. Hydrochemical type of the limestone aquifer water samples in the monitoring well were mainly HCO3-Ca·Na, hydrochemical type, while the other water samples were HCO3-Ca. In the piper plot, the data can be divided into three clustering regions: the first clustering region consists of groundwater with depths ranging 60 m to 90 m in the monitoring well, reflecting the characteristics of the Cambrian Zhangxia Group limestone karst groundwater. The second clustering region is the water of Longchi, Hu spring, Shuyuan spring, Ding spring and Bajian spring, which are natural outcrops of groundwater, reflecting the characteristics of the hyporheic zone water. The third clustering region is the Quaternary pore water and water of Huiquan reservoir, reflecting shallow water circulation. As mentioned above, karst water recharges the Quaternary aquifer, then recharges the river. This conclusion of hydrogeological conditions analysis is consistent with water quality analysis results.
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Fig. 11. Piper plot of chemical analysis of water samples
Table 2
Water quality analysis results of Langxi river watershed

	Sample
	Location
	pH
	EC (µS/cm)
	HCO3-
(mg/L)
	SO42-
( mg/L)
	Cl-
( mg/L)
	Ca2+
( mg/L)
	Mg2+
( mg/L)
	K+
( mg/L)
	Na+
( mg/L)
	TDS
(mg/L)

	1
	Monitoring well (the depth of 60 m of Zhangxia Group limestone aquifer)
	6.67
	774
	433.81
	10.41
	17.53
	97.54
	13.39
	8.67
	29.73
	440

	2
	Monitoring well (the depth of 90 m of Zhangxia Group limestone aquifer)
	7.07
	742
	406.70
	13.47
	19.00
	77.42
	10.16
	2.53
	32.58
	421

	3
	Longchi spring
	7.09
	690
	230.46
	59.87
	27.76
	63.53
	4.96
	0.25
	13.40
	414

	4
	Monitoring well (Quaternary aquifer)
	7.22
	662
	244.02
	65.01
	21.92
	59.45
	9.42
	0.01
	13.11
	445

	5
	Huiquan reservoir
	7.20
	512
	162.68
	57.78
	20.46
	32.58
	10.41
	0.78
	11.46
	308

	6
	Hu spring
	7.06
	647
	216.91
	70.5
	11.69
	62.30
	7.44
	1.21
	6.69
	410

	7
	Shuyuan spring
	7.12
	613
	237.24
	42.84
	20.46
	58.23
	7.69
	0.58
	9.90
	371

	8
	Baiyan spring
	7.13
	649
	223.68
	61.95
	14.61
	63.12
	8.68
	0.43
	6.83
	418

	9
	Ding spring
	7.27
	665
	230.46
	56.97
	16.07
	66.38
	3.72
	0.42
	6.87
	380

	10
	Bajian spring
	7.28
	635
	216.91
	59.06
	14.61
	59.86
	8.68
	0.28
	6.71
	389


In addition, trace elements of the Zhangxia Group karst limestone aquifer water and spewing spring water were tested. The concentration of Sr in the water was about 0.39 mg/L, higher than the low limit of 0.2 mg/L of strontium concentration in Chinese natural mineral water. The Zhangxia Group karst water can be classified as Sr-bearing HCO3-Ca-Na type with top-quality with a low degree of mineralization.
3.3. Types and characteristics of stygofauna
Stygofauna samples were taken from artesian wells, Shuyuan spring, Hu spring, Mochi spring, Longchi spring of Hongfanchi town, and the river of east of Houzhuang. According to laboratory identification, the main aquatic stygofaunas in the GDEs were Neocaridina denticulata sinensis, Chironomid larvae, Dytiscidae, pelopia, Radix lagotis, Gyraulus, Galba pervia (Fig. 12).

The alternate name of Neocaridina denticulata sinensis is Penaeus monodon. Its whole body is dark green, and the individual is very small, belongs to small shrimp with a length of 25 mm. The Neocaridina denticulata sinensis in the Shandong province lives in freshwater ponds consisting of abundant aquatic plants, and the maximum yield is in autumn. Chironomid larvae is one of the main groups of benthic stygofauna in fresh water, its types can be accounted for about 25% of lake biological flora. It is widely distributed in all types of water bodies, especially in water bodies with good quality and high DO (dissolved oxygen) content. The alternate name of Dytiscidae is Terrapin or Aquatic beetles, belonging to Arthropods, about 3-5 mm long, and varying individual sizes. Adults are long streamlined, flat and smooth, with an arched back, and developed bristles. They generally live in fields, ditches, rivulets, and so on. Radix lagotis is about 1.5 mm long, thin and a slightly hard shell, elliptic in shape, natural wild. Gyraulus is about 8 mm long, a type of gastropod. Galba pervia is about 4 mm long, perched in various still water and slow flowing water. Anisogammarus sp. generally live in intertidal algae or in the mud under rocks, and the length of adult is 9-12 mm.
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	Fig. 12. Images of several types of stygofauna samples. (a) Neocaridina  denticulata  sinensis (length: 25 mm), (b) Chironmidae larvae (length: 2 mm), (c) Dytiscidae sp.( length: 3 mm), (d) Radix lagotis schrank (length: 1.5 mm), (e) Gyraulus sp. (length: 0.8 mm), (f) Anisogammarus sp. (length: 9 mm).


In general, the stygofaunas in the groundwater were mainly Arthropods, Coelenterates and Mollusks, and Copepods account for a larger proportion in Arthropods (Table 3).

Table 3

Summary of stygofauna sampling of the GDEs

	Sample
	Name
	Stygofauna species
	Description

	HF-1
	Monitoring well 1 (the depth of 60 m)
	No Arthropods
	New well, the 403 CMT multilayer monitoring system has been installed

	HF-2
	Monitoring well 1 (the depth of 90 m)
	No Arthropods
	New well, the 403 CMT multilayer monitoring system has been installed

	HF-10
	Shuyuan spring
	Neocaridina denticulata sinensis
	Spring water flow into the square pool, with a lot of Moss

	HF-11
	Hu spring
	Chironomid larvae
Anisogammarus sp.
	Doline spring, the water is deep

	HF-12
	Mochi spring
	Dytiscidae, Neocaridina denticulata sinensis
	Square pool with the side length of 7 m, the water is deep, with large amounts of Spirogyra

	HF-13
	Long spring
	Neocaridina denticulata sinensis
	Square pool with the side length of 7 m, depth of 5 m

	HF-16
	Langxi river (east of Houzhuang village)
	Radix lagotis, Petopia, gyraulus, galba pervia
	River width 80-90 m, a lot of Algae exist, the water is clear and flow slow, the temperature is about 17 oC


Stygofaunas are easy to be found in groundwater around karst caves, because in these regions, food is rich, it is easy to survive. Meanwhile, the deeper the groundwater, less stygofaunas are found in the water. Much of the Chironomidae exist in the groundwater along the entire Shandong province. Most of the Chironomid larvae species are sensitive to water pollution, and only few species can tolerate a small amount of pollution, and with the increase in pollution, the enduring species will also be extinct (Wang et al., 2000). As can be seen from the monitoring results, the monitored stygofaunas are mostly from the surface water-groundwater intersections (hyporheic zone). The water quality of the sampling points has not been greatly polluted, indicating that the habitat conditions of the GDEs were roughly satisfactory to support life.
4. Discussion
4.1. Identification of GDEs distribution
Accurately identifying the distribution areas of GDEs is relatively difficult. Identifying whether an ecosystem accepts groundwater recharge, what its recharge process, the seepage path and the material flux size, how organisms within an ecosystem adapt to the change of groundwater hydrology situation and the degree of dependence, what is the contribution of important source, and sink terms to the ecosystems all need to be further identified and analyzed in order to better determine the ecological hydrological response of GDEs (Gou et al., 2015; Pérez et al., 2016). The study in Oregon developed a methodology that uses existing datasets to locate GDEs (including groundwater dependent springs, lakes, rivers, wetlands, and species) and assess threats to groundwater quantity and quality, for the effective protection and management of GDEs (Brown et al., 2011). In this study, the distribution of GDEs was identified by means of remote sensing interpretation, hydrologic and hydrochemical analysis, biological investigation and sampling, and the GDE clusters in Langxi river watershed also including groundwater dependent springs, rivers and species.
The identification of GDEs is a basic task, it is not only the tiny stygofauna in groundwater, but also includes the vegetation system, especially those unique aquatic plant types. These can represent the biodiversity characteristics of GDEs. Finding the location of GDEs is important in determining the extent of restrictions that need to be placed upon the abstraction of groundwater (Münch and Conrad, 2007). The ecosystem functions of GDEs need to be further studied in-depth.
4.2. Limitations of stygofauna sampling

Stygofaunas are highly adapted their living space, but our knowledge of ecology and distribution is poor. One of the reasons for that is, that there are no standardized methods of sampling stygofauna yet (Hahn and Matzke, 2005). Up to today quite different methods are used for sampling stygofauna, each has special advantages and disadvantages (Hahn, 2002). Net sampling is the fastest and most economical method, as it can obtain many stygofauna communities quickly. Much of the time, a mesh size of 74 μm was used here. However, for an ecological system, it was hard to obtain all types of samples, and there are seasonal changes, such as the fluctuations observed at doline springs. It was very difficult to obtain samples during the dry season.
Pumping of groundwater with a homemade biological pump and then filtering the water with a 74 μm filter proved economical and quick, but the volume of the water samples was limited. Also, the filter aperture size is uncertain, and part of the stygofauna cannot be effectively obtained in time. Overall, there are some limitations. For sampling in a new drilling, stygofaunas were not found sometimes due to the interference by the borehole drilling.

4.3. Impacts of human activities and climate change

Different types of GDEs have different responses to human activities and climate change. Regional studies are needed to better understand the GDEs and their vulnerability. The role of human activities and climate change need to be better understood to establish the potential human activities and put climate change trends into perspective (Gurdak et al., 2007; Randhir and Hawes, 2009; Barron et al., 2012; Kløve et al., 2014; Liu et al., 2016). Generally, karst groundwater ecosystem may be more vulnerable and impressionable than other ecosystems, due to the specific nature of karst aquifers (i.e. rapid infiltration rates and underground water flow, highly controlled by conduits). In these cases, the overall impact depends on factors such as groundwater flow variations that bring about changes in surface water flow. Further studies are needed to show these complex couplings and interactions (Kløve et al., 2011).

Several threats to GDEs are foreseeable in the Langxi river watershed, for example changes in land use, water extraction, regulation and climate change. Use of fertilizers and pesticides in agriculture is a major threat, especially if buffer zones are not established around natural ecosystems. In the Langxi river watershed, most GDEs are showing signs of change. Town construction, excavation, solid waste dump and industrial wastewater discharge have caused severe impacts, causing wetland desiccation. Water extraction for irrigation has caused a certain degree of groundwater level decline in the Langxi river watershed. In view of this, multi- and interdisciplinary knowledge, e.g. hydrogeology, geochemistry and ecology, is necessary.
5. Conclusions
GDEs are a vital but as yet not fully understood component of the natural environment. Due to human activities occupying much of the land, the construction of water conservancy projects and large-scale groundwater exploitation, the distribution of this type of ecosystem is relatively rare in northern China. Research and protection are extremely important to maintain GDEs and sustain water quality for future generations. The Langxi river is one of the tributaries of the lower reaches of the Yellow River, and karst is relatively developed in Langxi river watershed. Comprehensive utilization of the hydrogeological survey and remote sensing image interpretation methods for surveying and mapping the GDEs was performed and the distribution of different types of GDEs including springs, river wetland and hyporheic zone were analyzed.

The water chemistry types in the watershed were mostly HCO3-Ca type, except several areas were classified as HCO3-Na∙Ca type. Different clustering characteristics were shown on the piper diagram, indicating that different degrees of interaction between the surface water and groundwater. The recharge process and flux of GDEs were different. Through the results of water quality test, the water quality of the Longchi spring and Zhangxia Group aquifer were good, and the content of Sr was high; overall, they surpassed China drinking water standards, it can be used as a partial strontium type natural mineral water.

Based on sampling and analysis of stygofauna in springs, artesian wells, hyporheic zone in the watershed, there are many kinds of stygofauna in the GDEs, mainly including Arthropods, Coelenterates and Mollusks; Copepods account for a larger proportion in Arthropods, These stygofaunas showed that the water quality of the sampling points has not yet been contaminated.

Jinan city is famous for its spring water, which is a typical karst groundwater distribution area in northern China. Many types of GDEs form unique landscape characteristics. The in-depth systematic study on GDEs of the typical watershed has great practical significance for rational exploitation and protection of groundwater system in the future.
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