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Abstract

:

Translating scientific findings into concrete action for (ground)water protection should be fundamental component of any hydrogeological and hydrogeochemical assessment, thus ensuring that scientific outcomes have a positive impact in the real world. To this purpose, understanding the water-related issues and the perceived criticalities by the water users is an asset, especially for earth scientists who are often the first contact with local communities during in situ measurements. By presenting the results of a socio-hydrogeological assessment in the Inle Lake area, this paper aims at demonstrating the feasibility and added value of this approach. In conjunction with groundwater sampling, public engagement activities were conducted by administering semi-structured interviews at a household level in each monitoring site. Hydrogeochemical data show that groundwater is characterized by an elevated hardness and by the presence of trace metals in solution due to the low redox potential. The work provides suggestions on how to translate the hydrogeochemical information associated to (i) the impact of climate change on water supply and availability, and (ii) the presence of geogenic groundwater contamination (Fe, Mn, As) into accessible information for local communities and water users’ associations. Sharing knowledge and promoting capacity building would also help to assess the reasons for the discrepancy between self-reported perception of groundwater quality (e.g., hardness) and analytical results.
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1. Introduction


Water resources management roots its effectiveness in sound scientific knowledge and its translation into concrete decisions (and actions) targeting environmental sustainability, social equity, and economic efficiency. In recent years, increasing attention has been paid to the promotion of Integrated Water Resource Management (IWRM) plans at global level, although most countries (approximately 60%) are still far from a full implementation, with limited arrangements uptake and stakeholder engagement [1]. Consequently, the risk of not achieving SDG6 (Sustainable Development Goal 6: to ensure access to water and sanitation for all [2]) by 2030 is still high in many parts of the world, with several countries reporting no programs to promote efficient water use [1].



Access to safe water resources is tightly linked to equity and justice, and this has been recently evidenced with the Human Rights-Based Approach to IWRM, that sees human rights, development and governance not only as interlinked, but also mutually reinforcing. This additional lens provides a good opportunity to simplify water governance both in the sphere of environmental sustainability and human development [3]. This is particularly crucial not only in countries where physical water scarcity exacerbates conflicts related to competing interests in water access and use, but also in those where, despite the presence of abundant resources, the portion of population without access to safe water and sanitation is still high.



This is the case of Myanmar, a country, where 10 million people (i.e., 18% of the national population) do not have clean water and 11 million lack access to adequate sanitation facilities [4]. In addition, approximately 70 percent of the national population lives in rural areas and farming is the dominant economic activity. With agriculture being mainly rain-fed, the population is strongly dependent on the unevenly distributed rainfall, and thus is greatly exposed to harm related to floods, flash floods, water shortages, and droughts [5].



According to recent estimates, in Myanmar, the degree of implementation of IWRM (SDG indicator 6.5.1.) is only 27%, with relatively low institutional participation and enabling environment [6]. Additionally, the same source reports the existence of procedures defined in law or policy for participation of local communities in water and sanitation planning: the level of participation by users/communities is still low, despite the increase of interest among the stakeholder in the water sector [7,8,9,10,11,12,13]. Consequently, if on the one hand there is a clear need to further promote participatory and trans-disciplinary water quality and quantity assessments, on the other, it is crucial to foster the translation of scientific knowledge into management plans, and to engage the local stakeholders in long-term water resources protection. The latter means to effectively contribute to bridge the gap between science and society, as per the overall goal of socio-hydrogeology [14,15].



To this end, this paper aims at discussing how to effectively translate the scientific outcomes of a five-years surface and ground water quality assessment in the Inle Lake catchment into accessible information for local communities and water users’ associations. The latter is a region of particular cultural, economic, and environmental relevance, where the population has to face increasing competition on water resource use with tourism, and where the qualitative and quantitative status of surface and groundwater is not fully assessed yet. For its important role for both local and national economic development, this area recently became object of several research projects, most of which carried out in the frame of the international cooperation [16], including a pilot IWRM project [5]. However, in most cases, including the latter, no reference to groundwater is made, thus excluding a crucial component from the assessment, despite it being explicitly mentioned in the Myanmar Water Framework Directive (MWFD). Although a critical analysis of the National Water Law is beyond the scope of this manuscript, this evidences that there is a clear need to improve the visibility and understanding of groundwater role in sustaining human and ecological wellbeing, and to foster the participation of water users to support local groundwater governance.




2. Materials and Method


2.1. Study Area


Inle Lake (Southern Shan State) is the second largest lake of Myanmar (with a 17.5 km and width of 5 km), that in recent years is becoming an important tourism attraction, famous for its floating villages and gardens, and where local communities live and economic activities are mainly based on the lake ecosystem services. However, recent studies demonstrated that the lake is experiencing a severe reduction of its open surface [17], a process that can have a dramatic impact on the water and food security of the local populations.



The watershed is a large and flat depression, North to South oriented, and delimited to the East and West by the scarps of the Shan Plateau mountains [18], mostly constituted Cambrian–Ordovician limestones and siltstones, unconformably overlain by thick Permo-Triassic limestones and dolomites [19,20]. The lake has an irregular elongated shape due to its tectonic origin. It is mainly fed from the N by the Nanlit stream and from the W by the Kalaw and Indein streams. The sediment transport and the development of large alluvial fans are conditioned by the tectonic activity [21] and, more recently, by the increased soil erosion due to deforestation [22,23]. The lake outlet is located in the S, carrying waters to the Thanlwin river [24].



The climate in the lake area is classified as Csa following the Koppen–Geiger system [25], with a hot and dry summer (March to June), a rainy season (July to October) and a winter season (November to February). The lake water depth follows the seasonal wet and dry periods, ranging approximately from 1 m in April to 2.5 m in October [17]. In addition, during the rainy season some areas, mostly located to the N and to the W of the lake, are flooded. Therefore, the lake water volume varies from about 50 × 106 m3 in May to 122.6 × 106 m3 in October [17]. Water isotope studies evidenced that through-flow conditions from N to S govern the hydrodynamics of lake and that the water residence time is shorter than one year [26,27]. The short turnover prevents the accumulation of pollutants in the water, but makes the lake very sensitive to climatic changes. Moreover, Re et al. [28] evidenced that the evaporative loss of lake water is low (about 15%) and that groundwater contributes to the lake recharge.



The dominant soil types in the watershed are tropical red soils (Acrisols) at higher elevations, Histosols at lower elevations and paddy soils (Hydragric Anthrosols) in the seasonally flooded areas [22,23,29], where subsistence farming is practiced. However, the main agricultural activity of the Inle lake area is tomato cultivation in floating gardens, where farmers use fertilizers and pesticides, raising concerns about lake water contamination [24].



For a more detailed description of the geological, hydrological and hydrogeological features of the watershed, please refer to [29,30].



The abundance of surface water in the region implies that local population prefers its use to support domestic and agricultural needs over groundwater. This is reflected by the scarcity of wells in the proximity of the Inle Lake. Nevertheless groundwater is increasingly being used, despite the need for more reliable information on the overall groundwater quality status [31]. Additionally, given the vulnerability of surface water to climate change, local populations will have to rely more on groundwater or on alternative sources (e.g., rainwater harvesting) in the near future.



Another impacting factor to be considered is the increasing water demand to sustain tourism development, in a region where tourists exceed the number of local inhabitants: the local population at Inle Lake is around 150,000 inhabitants while approximately 250,000 international and 400,000 local tourists visits the lake annually (before the 2019 pandemic outbreak; [13,32]). The region had a very minimal hotel infrastructure in the early 1990s, and the number increased from 1 to approximately 80 between 1992 and 2016 [33], and now 110 hotels at Inle Lake region are licensed by Ministry of Hotels & Tourism, and 30 guest house at Nyaung Shwe are licensed by General Administration Department (GAD) [34]. This clearly has an impact not only on water allocation (with competing issues with the domestic supply), but also on water quality, as the lack of adequate sanitation infrastructures may lead to a possible increase in nutrient load to the lake and groundwater.




2.2. Hydrogeochemical Assessment


In the present work, hydrochemical and isotopic results of different monitoring campaigns performed in the Inle Lake catchment between 2013 and 2015 [26,28,29,30,35,36,37] are compared with unpublished data collected in February 2018 (Table S1). In this campaign, both surface (lake: 12 samples; rivers: 4 samples; ponds: 2 samples) and groundwater (16 samples) where collected, covering the whole catchment area (Figure 1), in agreement with the monitoring plan established by [26,28].



In the field, temperature, electrical conductivity (EC), pH, and Eh were measured using a multi-parameter probe (WTW 340i, Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany), and alkalinity was determined with the HACH Alkalinity Test Kit, Model AL-AP. Samples for major elements determinations were collected in pre-washed polyethylene bottles, while samples for trace elements analyses were pre-filtered at 0.45 µm and acidified at pH = 2 with ultrapure HCl. In the laboratory at the University of Torino (Italy), all samples were reanalyzed for EC, pH and alkalinity by titration (Gran titration method) with a Metrohm Titrino basic. The ionic contents were determined by chromatography with a Metrohm 883 basic IC plus (Erisau, Switzerland), equipped with a 20 mL loop and a Metrosep A Supp5 250/4.0 column for anion analysis and a Metrosep C4 250/4.0 column for cation analysis. An unfiltered sample aliquot was subject to persulphate microwave digestion to convert all P in orthophosphate [38], and the total P content was determined with the Molybdenum blue method [39] using the spectrophotometer HACH DR 8200 (Loveland, CO, USA) (wavelength 880 nm, cells of 20 mm light path). Fe, Mn, and As were measured at the University of Pavia (Italy) by Graphite Furnace Atomic Adsorption Spectrophotometry using a Perkin Elmer AAnalist 600 (Waltham, MA, USA). Stable isotopes of the water molecule were determined by Wavelength-Scanned Cavity Ring-Down Spectroscopy (WS-CRDS) at the ISO4 private laboratory (Torino, Italy). Results are reported in the usual delta (δ) notation vs. VSMOW, with an uncertainty (2σ) of ±0.2‰ for δ18O and ±1‰ for δ2H. Descriptive statistics and correlations were calculated using the Microsoft Excel embedded functions. The freeware Diagrammes [40] and QGIS [41] were used for hydrochemical plots and maps, respectively.




2.3. Public Engagement


In conjunction with groundwater sampling, public engagement activities were conducted, by administering semi-structured interviews at household level in each monitoring site. Interviews, conducted on voluntary base and upon signature of an informed consent form, where administered in Burmese.



In the questionnaire, closed-ended, multiple choice, Likert-scale, and ranking style questions were favored to ensure survey brevity and collect a homogeneous and comparable dataset. Open-ended options were also adopted to assess respondent’s experiences or attitudes towards some aspects requiring more detailed discussion (e.g., reaction to specific contamination episodes, perception of climate change issues and willingness to participate in long term monitoring plans). The latter were included to favor the engagement and direct confrontation with local water users, a central component of the socio-hydrogeological approach [14]. The survey was delineated into five distinct sections (water use, groundwater well features, agricultural practices, awareness of water issues and potential for participation; Figure 2). The full questionnaire is provided in the Supplementary Materials.



In the area, the paucity of private wells is due to the relative abundance of surface water (in the floodable area nearby the lake) and the drilling costs for the creation of new wells in the upper part of the watershed. For this reason, half of the sampling sites are private wells, and the others are either monastery wells (used for water supply by the monks and nearby communities) or village wells.





3. Results


3.1. Surface and Groundwater Quality


3.1.1. Major Ions


Results of the 2018 sampling campaign (Table S1) indicate that bicarbonate is the dominant anion in both surface and groundwater, whereas the cation abundance is more variable. Comparing the data with those available from previous investigation (Figure 3), the following conclusions can be drawn:




	
Surface waters are dominantly of Ca(Mg) type in the rainy season, and shift to Mg(Ca) type in winter and in summer.



	
Groundwater is mostly of Ca or Ca(Mg) type. However, some samples (G6, G7, and G1) show an increased amount of Na + K that exceeds 25%.



	
The Khaung Daing hot spring (G12) is instead of Na + K type.








The seasonal shift in composition observed in surface waters was already identified and attributed to calcite precipitation, triggered by the increase in temperature and in photosynthetic activity [26,28,30]. Concerning groundwater, both the sampling campaigns were conducted in winter, at the beginning (December 2015) and at the end of the season (February 2018). In the first campaign, a strong similarity of groundwater to surface water was observed, supporting the assumption that recharge mostly occurred in the seasonally flooded area North of the lake by direct infiltration during the rainy season [28]. In the second campaign, some samples (G7, G8, and G10) showed relatively elevated Cl− concentrations (Table S1), pointing to the presence of a deeper circulation related to tectonic discontinuities, as suggested by Re et al. [28]. Finally, the Khaung Daing hot spring with its elevated temperature, high EC and different water type, is representative of a medium-low enthalpy geothermal source [35,42].




3.1.2. Nutrients


In the February 2018 sampling campaign, nitrates are very low in surface (average 0.53 mg/L) and groundwater (average 3.5 mg/L), with only two groundwater samples with high Eh values exceeding 10 mg/L. The P averages are very similar between surface (17.5 µ/L) and groundwater (14.4 µ/L). However, G9 and the Khaung Daing hot spring show concentrations higher than 50 µ/L. Both nitrates and P concentrations are comparable with those recorded in other sampling campaigns (Table S1) and do not seem to show seasonal fluctuations (although P concentrations were only measured in winter).



These low nutrient concentrations reflect both the relatively low impact of anthropogenic activities and the high resilience of the water resources. Indeed, the alkaline character of surface waters contributes to limit the P concentrations through calcite precipitation and transfer to the sediments. This scavenging mechanism is clearly evidenced in those areas where the anthropogenic input is high, such as the floating gardens or the main lake inlet, where P and nitrates concentrations are higher in waters and, for the former, higher also in the sediments [29]. The low P concentrations and the high N/P molar ratios measured in both surface (average 237, minimum 4, maximum 844) and groundwater (average 8585, minimum 8, maximum 48,953) suggest that phosphorus could be the limiting nutrient in this ecosystem [28].




3.1.3. Trace Metals


Iron, manganese, and arsenic were analyzed in groundwater (including the Khaung Daing hot spring G12) collected in February 2018. Due to the relatively low redox potential, especially in the northern part of the watershed, trace metals are high, with average concentrations of 304, 275, and 21 µg/L for Fe, Mn, and As, respectively (Figure 4; Table S1). Numerous samples (3, 9, and 5 Fe, Mn, and As, respectively) exceed the water quality standards for drinking water [43]. The trace metal contents are not significantly correlated with each other, nor with any other chemical parameter, with the exception of Fe that is inversely correlated to Eh (excluding G12 n = 15; r = −0.68; p < 0.001). This suggests that different sources or processes are responsible for their presence in groundwater. Of particular concern are sample G9 and G12 (the hot spring) with As contents exceeding 100 µg/L. Since the hot spring is used by locals for bathing and by tourists in the nearby spa, potential adverse health effects could arise in the population and the spa workers exposed by dermal contact [42]. The presence of trace metals is also known to affect the quality of Inle lake sediments, representing a risk for the population and the environment [30].





3.2. Hydrodynamics


The isotopic composition of surface and groundwater sampled in February 2018 is relatively homogenous, with an average and standard deviation of −5.62 ± 0.5 and −46.6 ± 2.15 in surface waters and −6.84 ± 0.84 and −49.3 ± 4.4 in groundwater (including the hot spring) for δ18O and δ2H, respectively.



To compare the data with the isotopic variability in surface waters, three lake sites were repeatedly sampled during the considered monitoring years and in the different seasons (L1, located at the lake entrance, L2 in the wide area and L4 in the floating gardens; Figure 1, Table S1), together with the main inflow (Nanlit stream R1) and the outflow (Thanlwin River R4). The average and standard deviation of the isotopic compositions in the different seasons are shown in Table 1, and all the available data are displayed in Figure 4.



In the rainy season, lake waters plot below the Global Meteoric Water Line (GMWL, [44]), but on the regression line for Yangon precipitations (YMWL [45], Figure 5). A progressive increase of the isotopic composition is observed in winter and in summer due to evaporation, as indicated by the samples aligned on a lower slope and by the d-excess [26,27,46]. It is interesting to note that even water from the Nanlit stream as well as the closest lake station L1 are strongly enriched in summer, but still plotting on the YMWL. On the other hand, the regression calculated using the isotopic values of the summer samples crosses the YMWL in correspondence of the average isotopic composition of groundwater. This could indicate that, in addition to precipitation and river water, also the aquifer contributes to the lake recharge, as already pointed out by Re et al. [28], based on hydrochemistry.



Moreover, in the middle of winter (December 2015), waters from the lake center still show signs of evaporation [28], whereas at the end of winter (February 2018) lake waters are rather homogeneous in isotopic composition (Table S1). This indicates that, during winter, lake waters are fully replaced and therefore the residence time is lower than one year. This observation, coupled to an absence of stratification [28], suggests that the hydrological behavior of the lake is similar to that of a large river.



Concerning groundwater, samples collected in December 2015 (middle of winter) have an isotopic composition very similar to that measured in February 2018 (end of winter), with an average and standard deviation of −6.99 ± 0.68‰ and −49.5 ± 3.9‰ for δ18O and δ2H, respectively. The similar isotopic composition of surface and groundwater during the rainy season supports the findings of the hydrochemical investigation, confirming that the aquifer recharge mostly occurs in the seasonally flooded area North of the lake by direct infiltration. Local recharge is also evoked for the Khaung Daing hot spring, as already discussed by [35].




3.3. Assesment of Local Know-How and Public Participation Potential


The interviews were conducted in 13 of the 16 sites included in the groundwater monitoring network. In three sites, in fact no one was found available for interviews at the time of sampling. Out of the total sample interviewed, 10 (77%) were male and 3 (23%) females, with an average age of 49 years (minimum 37 and maximum 63 years). Among them, 10 (77%) were the owners of (or the person in charge for managing) the sampled wells; mostly monks (5; 38%) and traders (3; 23%), with a quite diverse educational background (ranging from Grade 4 (n = 4) to BSc (n = 1)). As concerns the main freshwater sources for domestic purposes (cleaning and washing) groundwater is used in all the sites (100%), in some cases in conjunction with surface and rainwater (Figure 6). Also for drinking purposes respondents resort to multiple sources, with bottled water and rainwater harvesting (54% and 8% respectively) used together with groundwater (69%). None of the participants indicated using public supply/tap water for any purpose.



In 7 out of 13 sites, water is also used for irrigation purposes (either in case of farming activities for commercial purposes or for private production). In these cases, multiple source irrigation is adopted, with a prevailing use of river/canal water (5 sites; 71%), followed by groundwater (n = 3; 43%) and rainwater (n = 1; 14%). Among the interviewed well owners only 3 declared to have animals for domestic consumption (pigs and cows), and to mainly use well water for animal husbandry. Most of the respondents (n = 10; 77%) know the pumping rates of their wells, that range from 50 to 500 gallons per day (189 to 1890 L/day), with an average of 178 gallons/day (674 L/day).



As concerns sanitation facilities, of all households in which interviews were administered 11 (85%) are equipped with improved sanitation facilities: 8 (73%) pour-flush latrines, 2 (18%) pit latrine with slab and 1 (9%) ventilated improved pit latrine (VIP). In all (100%) cases groundwater is the main water source used in these facilities.





4. Discussion


4.1. Emerging Criticalities from a Scientific Perspective


Since several years, scientists have raised concerns on the decline of the open water surface of the lake [17,47], and on the dramatic drops in the water level observed in summer [48]. These effects are attributed to the agricultural practice of the floating gardens [24], and to deforestation of the watershed [22,23,49,50], leading to accelerated soil erosion and increased sedimentation [30]. Moreover, Re et al. [28] evidenced the interactions between surface and groundwater, and discussed the possible scenarios and positive feedback mechanisms associated to the decrease in lake water volume, especially in relationship with the increased water demand to sustain the economic development of the region. However, all these findings need to be framed in the context of the expected climate changes to evaluate the possible impacts on both water quantity and quality at the watershed scale.



Climate change scenarios indicate for Myanmar an increase in temperature of 1.9–4.1 °C coupled to an increase in precipitation of 9.5–21.1% during the 21st century, depending on the model and the scenarios adopted [51]. Moreover, a change in the precipitation patterns is expected in the near future (<2040), with wet months (July to October) receiving more rainfall and dry months receiving less. As a consequence, during the rainy season, discharge will increase, but decrease in winter. Extreme discharge events are expected to increase in frequency and magnitude [52], leading to a substantial increase in streamflow, soil erosion and sediment transport [53]. Notably, based on the Global Climate Risk Index (CRI) [54] Myanmar was already identified as the world’s second most affected country, due to extreme weather events occurred in the period 1995–2014.



In the Inle lake watershed, climate change will likely result, during the rainy season, in inundations of riverine settlements, sediment deposition in rivers and canals and eventually in the lake, and damage to social and economic infrastructure as well as agricultural lands. By contrast, in winter and summer, the lake water level will likely drop even more, causing problems with navigation and impacting on both tourism and agriculture. The increased water demand expected in these seasons could be satisfied by an increased use of groundwater for domestic and irrigation purposes. However, as already demonstrated ([28] and this work), groundwater contributes to the lake recharge and the lowering of the water table could further aggravate the situation.



Concerning lake water quality, the alkaline character favours the transfer of P and the immobilisation of trace metals in the sediments, while the fast turnover prevents the accumulation of soluble contaminants. These characteristics will likely not be affected by climate change. However, the anthropogenic pressure due to the population growth and the expansion of tourist traffic will not only increase the water demand, but also the pollutant loads. An increase in the organic matter input to the lake has already been evidenced [55], likely associated to soil erosion and to the lack of adequate sanitation facilities. This is of particular concern, as the organic matter degradation may lead to the establishment of anoxic conditions at depth, possibly leading to the re-mobilization of both the P and the trace metals stored in the sediments [30,56]. Moreover, most private houses and tourist resorts do not appear to have adequate wastewater treatment systems [13,57] and water hardness requires an high amount of detergents for laundry and cleaning purposes [58]. A decrease in the lake water volume, even at a constant nutrient and contaminant inputs, will necessarily result in increased concentrations and the consequent deterioration of the water body.



Finally, groundwater quality is characterized by an elevated hardness and by the presence of trace metals in solution due to the low redox potential. Several studies have evidenced the positive health effects of hard drinking water, as it contributes to total intakes of calcium and magnesium [59], and limits the toxicity of numerous trace metals [60]. However, the domestic use of hard water is impaired by the precipitation of scale deposits, that can reduce the life of home appliances (especially those that heat the water) and clog pipes [61]. To remove these deposits, acids are used which are then transferred to wastewater, with negative impacts on the environment. While water hardness is not a concern for irrigation use, industrial uses have very variable maximum accepted values for raw water [60]. The seasonal variability of groundwater chemistry in the study area could not be evaluated, as both the sampling campaigns were conducted in winter; therefore, it is difficult to speculate on the effects of climate change on groundwater quality. On the other hand, concern is raised about the possible health effects related to the population exposure to toxic metals. A country-scale study indicated the widespread occurrence trace metals, particularly As, in Myanmar groundwater, and attributed it to the reductive dissolution of Fe and Mn oxi-hydroxides [62], in line with that indicated by [42] for the Khaung Daing hot spring. However, more research is needed to constrain the origin and the controlling mechanisms of trace metals in groundwater from the Inle lake watershed before considering further exploitation of this resource.




4.2. Public Engagement


All respondents manifested a high level of interest in the project activities and in being engaged in collaborating by answering to the interviews. The failure to administer the questionnaire at three sites is due to the absence of a responsible person at the time of the interview. In one case, the owner of the site, who authorized the sampling, could not be present and the employees said they did not have enough knowledge to answer the questions. In the other two cases, two public wells, nobody was present at the moment of the field work. For a preliminary assessment of the potential of public engagement in the region, the level of involvement is satisfactory, also considering that it was a first project in the area focused on groundwater quality assessment. The lack of a pre-existing monitoring network prevented preliminary contact with the well owners/water managers in order to ensure their presence at the time of on-site measurements. In the future, to maximize the potential of the socio-hydrogeological approach, it will be necessary to plan a first screening and then organize the sampling campaign not only on the basis of logistics, but also on the availability of the wells’ owners/managers.



At the time of the sampling, however, the interest of the research team in local water resources and the wellbeing of the communities relying upon them was welcomed and the bases for possible participatory monitoring were set. Increasing the monitoring network, to identify more functioning wells and consequently increase the samples size for questionnaire administration, will be key to have a broader and more comprehensive understanding of water quality and quantity issues. In addition, the collection of sex-disaggregated data [63] will be performed to evaluate and track the crucial role of women in water use and protection. Clearly, a broader socio-economic assessment, involving a statistically significant sample of the population living in the study area, and therefore using water resources, would allow to obtain more complete information. However, the effectiveness of socio-hydrogeology lies precisely in ensuring direct engagement of the people involved (generally only indirectly) in the monitoring network. Their participation is fundamental, not only to get to assess the local know-how (and use it to support hydrogeochemical interpretations [64]), but above all to avoid the frustration of not being considered as an active part in a process that directly affects them, their territory and their resources.




4.3. Percieved Criticalities by Locals and Geochemical Evidences


Although groundwater is mainly being used for domestic purposes (cleaning and washing), the fact that locals are starting to preferably use bottled water for drinking purposes could be a symptom of a perceived deterioration in the quality of the groundwater itself. One question of the survey was targeted to address the perception of water quality issues (i.e., Are you confronted with periods with bad water quality?). Six of them (46%) reported issues like iron smell/taste and with a high turbidity (“When we start pumping water is muddy and it smells bad. After storing a few hours the smell disappear”; “[water] gets muddy and with a rusty smell”). This corresponds to the sites with higher Fe concentrations (Figure 4a), reaching up to 2800 ppb. A simple way to decrease the metal contents is by aeration, leading to the precipitation of Fe and Mn oxi-hydroxides. This practice was reported by some owners who were instructed in this regard by the company that constructed the well. However, due to the variable Fe/As ratios (Table S1, Figure 4), the simple water aeration, triggering the As adsorption and co-precipitation with Fe and Mn oxi-hydroxides, may not be sufficient to lower the As concentrations to acceptable levels [65].



According to the interviews, the respondents perceive that the main cause of water contaminantion is the widespread use of pesticides (100% of the respondents) and fertilizers (85%). A limited impact is attributed to septic effluent contamination (31%) and hotels (8%). It is interesting to notice that agriculture is perceived as the productive activity with the highest environmental impact in the region, albeit with a growing awareness of other potential sources of pollution, including household waste (and plastics in particular). From the interviews, it also emerges that respondents are not well aware of the characteristics of the water in their region. For example, they were asked to describe the perceived hardness of their groundwater, choosing from a scale ranging from soft (1) to very hard (7; also with the visual support of some images). In all cases interviewed described water as soft, and stressed that they observed no changes since the construction of the well. However, to the subsequent question “Do you find incrustations in the pipes?” 8 respondents (62%) said yes, and that they have to physically remove the incrustation or even change the pipes every few years. Indeed, the hardness of the water in the study area, which show a positive correlation to EC in all samples excluding the hot spring ones (Figure 7), ranges from hard to very hard [66] except for G6.



Similarly, water scarcity is perceived as an issue in the region only by a portion of the participants (6 out of 13 respondents, answered positively to the question “Are you confronted with periods of shortage of water?”), and most of them reported that these issues are mainly evident in the summer season (April–July). In these months, some households do not get enough water for domestic purposes and irrigation (and for the latter have to use lake water instead). However, 69% of the interviewed do not think to live in a water scarce region. The reason why water scarcity is not perceived as an issue by all the respondents may be due to the fact that the region has long been water rich and also affected by flooding episodes in the rainy season (and which have been reported to increase in intensity over the years). This may affect the perception of water availability, so participants were also asked to indicate what water scarcity means to them. For most of the respondents (Figure 8a) this corresponds to “Reduction of precipitation rates”, “Less water in rivers and ponds”, and “Groundwater level decrease”. Although this information may not be representative to the whole study area, assessing how local well owners perceive scarcity is crucial, as perception shapes response to environmental changes [67,68,69,70], provides useful insights to incentivize adaptation [71], and unveils potential knowledge gaps that scientists can contribute filling through site-specific capacity building actions. For example, even if all respondents identify the temperature increase as an indicator of climate change (Figure 8b), its effect on water availability (as per the increase of evaporation and possible decrease of the open surface of the lake) does not seem obvious to the respondents. Similarly, the decrease of precipitation (“less precipitation” in Figure 8b) which is perceived as an issue associated to climate change by 92% of the respondents, is not corresponding to a similar awareness on the impact of reduced groundwater recharge (“groundwater level decrease” in Figure 8a). This may be due to the fact that the connections within the water cycle, and groundwater resources in particular, are often not well understood out of the scientific domain, and greater efforts should be made by researchers to engage in knowledge transfer.




4.4. How to Translate Scientific Outcomes into Shared Actions for Groundwater Protection?


Altough all the respondents are actually the person in charge of water management in the household/community, only one, a chief of the village, considered himself having an important and active role when water protection is at stake (“What role do you think you can have in terms of water resources protection and safeguard?”:“The chief of village has a duty to clean the well (e.g., fence the well, cover the well to prevent entering leaves) and to manage the security of the well (e.g., someone can poison the well)”. For all the other respondents, it is a third party who should take charge of groundwater protection in the region: “Government and the local residents have the main responsibility for groundwater quality protection”; “State government, chief of the village and members have the main responsibility for ground water quality protection”; “The government and scientists have duty to manage the water resources”. The “free-ride” use of the commons and the perception that it is always the responsibility of others to manage and maintain the common good and the public thing, has already been analyzed [72], stressing how it is well known and unfortunately broadly implemented practice worldwide. However, it has been demonstrated that this is not the only existing approach adopted by local communities, and there are several successful examples of shared management of the environmental and water resources [73]. Thus, considering that among private well owners, they are often solely responsible for maintaining their wells [74], knowing their level of awareness and adequately shape capacity building activities may be crucial to stimulate a more proactive behaviour and the understanding of shared responsibilities towards groundwater management [75].



Getting acquainted with local perception of roles and expectations is therefore essential for supporting effective groundwater governance, to identify the priorities for capacity building [76] and to design shared science-based actions for water mangement and livelhood adaptation.



In the case of Inle lake, a scarce perception of the hydrogeological features controlling (ground)water quality emerged from the interviews. Therefore one of the priorities would be to perform outreach activities, with both the water users and local authorities (including the recently established Lake Authority), targeted to the explaination of the hydrogeological settings of the area, its relations with groundwater quality and the possible effects of climate change in the region (Figure 9). As previously mentioned, in the dry season (Figure 9a) the reduced water availablility will have severe socio-economic effects not only for the agricultural and fishing activities, but also in terms of water quality and sanitation. In fact, since the lake water volume is likely to decrease and the residence time to increase under reduced recharge conditions, the concentration, permanence, and potential sedimentation of contaminants (including nutrients, pesticides and detergents from septic effluents and wastewaters) within the lake will likely increase, with possible severe environmental and health implications. The local population should therefore be informed and instructed on how to deal with possible issues resulting from these alterations. So far, in fact, accumulation of anthropogenic contaminants and nutrients in lake waters is prevented by the short residence time [26] and the local water users may be unprepared to cope with these eventual changes. In the same way, if inundations will increase in the rainy season (Figure 9b) both residential areas and agriculturale fields in the northern and eastern parts will be increasingly subject to damages in crop poduction and infrastructures (both private and public). Also in this case, local population should be adequately informed, and shared water land management plans should be prepared in case some areas of the catchment will become uninhabitable. Additionally, future investigations should be aim to deepen the understanding of surface-groundwater interactions in view of climate changes and under different socio-economic scenarios potentially resulting in different contamination inputs.



As concerns the present water quality issues, the reason for the discrepancy between self-reported hardness and analytical results should be further investigated and it could be obviated in future studies by improving the example schemes displayed while administering the questionnaires. To raise awareness on this issue, testing the water hardness in the field together with the well owners could be performed by using water hardness strip test or, if not available, by running quick demonstration tests in the field. Additionally, future in situ assessments will foresee a discussion with local well owners to explain the hydrogeochemical results and sharing some advices on possible water uses in case potability issues emerged [77]. In particular, it will be important to raise the awareness about the possible As contamination of groundwater, which may not be always associated to other elements causing deposits or nuisances (e.g., Fe, Mn, S) and thus less evident to detect.





5. Conclusions


Understanding the social dimension of (ground)water is fundamental not only to increase the likelihood that a scientific investigation is translated into concrete actions, but also to avoid the possible exacerbation of conflicts over water use, especially in “fragile democracies”, as in the case of Myanmar. Some authors [5] stressed that, in the country, a low tradition of public participation often also results in a situation of low engagement and little faith in government initiatives. In this study case, the participation and positive feedback from the local communities to the questionnaire and subsequent discussion demonstrates that there is a clear interest and willingness to contribute to the sustainable development of the region.



Involving local communities and creating a network of trust between them and the research team is also a fundamental prerequisite for the co-creation of knowledge, which is often triggered by the need to understand whether and how the learning processes can be facilitated [8]. Additionally, understanding and assessing the relationships and co-evolution of humans and groundwater [14,78] is also reflected in sound water governance actions, since it will avoid proposing solutions not applicable to the local context due to insufficient knowledge of human behaviour [79]. In particular, with a socio-hydrogeological approach the local know-how can be fully integrated into the proposed science-based management plans, thus avoiding neglect of the role of water resources in supporting livelihood and wellbeing. In other words, by adopting a transdisciplinary approach to (ground)water resources assessment and management, it is possible to go beyond the reductionism often applied when studying natural resources [80].



Understanding the local know-how and getting acquainted with the local needs in an early stage of a hydrogeological/hydrogeochemical assessment can permit to propose and discuss solutions that are in fully respect of local sensitivities and thus more likely to be successfully implemented. For example, Götz [11] stressed that, in Myanmar, the IWRM approach at the river basin scale is starting being implemented, as for example in the Ayeyarwady Integrated River Basin Management (AIRBM; [81]) project financed by the World Bank, and it is highly encouraged by the National Water Policy (NWP; [82]). This scale, however, may not be adequate to effectively address local issues, and national norms, inspired by international framework (including the EU Water Framework Directive [83]) may not fully take into account current customary rights, as prevalent in some areas. For this reason, unveiling the social factors that underpin local groundwater governance with a socio-hydrogeological approach [84], may be an asset to effectively foster IWRM implementation taking into account both the environmental and the social-economic dimension of water resources.



Finally, engagement, even if of a small portion of the population, can promote inclusion in the debate over water resources conservation, and future assessments should be targeted to include a higher number of participants in order to avoid under-representation of some portions of the population and marginal communities. Moreover, it will be crucial to administer the structured interviews to all household members by using gender-responsive indicators. This would could unveil women’s role in water protection and help to better assess water access within each community.
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Figure 1. Study area. (a) Location of Inle lake in Myanmar and main geographical features. Blue arrows indicate surface water flow directions; (b) Location of the sampling points in the lake (triangles, L samples), and in rivers and ponds (circles, R samples); (c) Location of the sampling points for groundwater and the Khaung Daing hot spring (squares, G samples). 
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Figure 2. Survey scheme and sectioning. All questions and answer options are reported in the Supplementary Materials. 
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Figure 3. Relative cation abundance in surface and groundwater. 






Figure 3. Relative cation abundance in surface and groundwater.



[image: Water 13 02434 g003]







[image: Water 13 02434 g004 550] 





Figure 4. Distribution of trace metals in groundwater from the Inle lake watershed. (a) iron; (b) manganese; (c) arsenic. Only samples indicated with blue squares have concentrations within drinking water standards. 
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Figure 5. Seasonal variation of the isotopic composition of lake waters, compared to the Global Meteoric Water Line (GMWL, [44]) and Yangon precipitation waters (YMWL, [45]). 
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Figure 6. Main sources (%) of fresh water for domestic and drinking water use in the study area, based on the answers of the interviewees. In the questionnaire, multiple answers were allowed. 
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Figure 7. Hardness (CaCO3 in mg/L) versus electrical conductivity; Water containing CaCO3 at concentrations below 60 mg/L is generally considered as soft; 60–120 mg/L, moderately hard; 120–180 mg/L, hard; and more than 180 mg/L, very hard [66]. 






Figure 7. Hardness (CaCO3 in mg/L) versus electrical conductivity; Water containing CaCO3 at concentrations below 60 mg/L is generally considered as soft; 60–120 mg/L, moderately hard; 120–180 mg/L, hard; and more than 180 mg/L, very hard [66].



[image: Water 13 02434 g007]







[image: Water 13 02434 g008a 550][image: Water 13 02434 g008b 550] 





Figure 8. Perception of (a) water scarcity and (b) climate change issues by the well owners involved in the monitoring network. 
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Figure 9. Schematic representation of the possible water volume changes in the Inle Lake area in both the (a) dry season and (b) rainy season. Adapted from Ref. [28]. The red question marks indicate potential criticalities requiring further investigation. 
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Table 1. Average and standard deviation of the isotopic composition and of the d-excess of surface water in the different seasons.
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Season

	

	
δ18O (‰)

	
δ2H (‰)

	
d-Excess (‰)






	
Rainy

	
R1 (inflow)

	
−7.28 ± 1.49

	
−56.1 ± 10.2

	
2.12 ± 2.52




	
lake

	
−6.40 ± 1.94

	
−50.0 ± 12.5

	
1.24 ± 4.62




	
R4 (outflow)

	
−5.57 ± 1.05

	
−43.3 ± 7.9

	
1.26 ± 0.53




	
Winter

	
R1 (inflow)

	
−6.18 ± 0.73

	
−46.5 ± 4.7

	
2.90 ± 1.30




	
lake

	
−5.90 ± 1.06

	
−44.7 ± 7.2

	
2.51 ± 2.76




	
R4 (outflow)

	
−5.3 ± 1.27

	
−41.9 ± 8.5

	
0.86 ± 2.23




	
Summer

	
R1 (inflow)

	
−2.58 ± 0.95

	
−21.5 ± 12.5

	
−0.81 ± 4.94




	
lake

	
−2.38 ± 1.49

	
−23.9 ± 10.4

	
−4.83 ± 4.93




	
R4 (outflow)

	
−2.40 ± 1.44

	
−24.8 ± 10.7

	
−5.62 ± 0.91
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