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The stable isotope composition of water (δ18O and δ2H) is an increasingly utilized tool to distinguish between different pools of water along the soil-plant-atmosphere continuum (SPAC) and thus provides information on how plants use water. Clear bottlenecks for the ubiquitous application of isotopic analysis across the SPAC are the relatively high-energy and specialized materials required to extract water from plant materials. Could simple and cost-effective do-it-yourself “MacGyver” methods be sufficient for extracting plant water for isotopic analysis? This study develops a suite of novel techniques for plant water extraction and compares them to a standard research-grade water extraction method. Our results show that low-tech methods using locally-sourced materials can indeed extract plant water consistently and comparably to what is done with other state-of-the-art methods. Further, our findings show that other factors play a larger role than water extraction methods in achieving the desired accuracy and precision of stable isotope composition: (1) appropriate transport, (2) fast sample processing and (3) efficient workflows. These results are methodologically promising for the rapid expansion of isotopic investigations, especially for citizen science and/or school projects or in remote areas, where improved SPAC understanding could help manage water resources to fulfill agricultural and other competing water needs.
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INTRODUCTION

Stable isotope ratios of water (δ18O and δ2H), have been successfully used to study atmospheric and hydrological processes around the world for decades (Dansgaard, 1953; Craig, 1961; Sklash et al., 1976). When quantifying catchment water storage and release, water samples of rainfall, soil moisture, groundwater and stream flow are collected (Klaus and McDonnell, 2013), and subsequently analyzed for their isotopic composition and related to various catchment compartments in space and time. Technological innovations such as laser spectroscopy (Kerstel et al., 1999) have drastically reduced the cost of isotope analysis (Lis et al., 2008; Lyon et al., 2009). This development encouraged hydrologists to collect an ever-increasing number of water samples across space (Fischer et al., 2015, 2017) and time (Berman et al., 2009; von Freyberg et al., 2016). This development also stimulated the use of stable isotopes to explore how vegetation interacts with the atmosphere and the surrounding catchment (Brooks et al., 2010; McDonnell, 2014). To determine which pools of water are used by vegetation and returned to the atmosphere as transpiration, a common approach is to analyze the isotopic composition of plant water, e.g., water found in the root, xylem and/or leaf tissues (Dawson and Ehleringer, 1991; Brooks et al., 2010; Beyer et al., 2016; Goldsmith et al., 2018). Collecting rain or stream water samples for stable isotope analysis is relatively easy with a laser spectroscope where precisions of <0.1‰ for δ18O and <1‰ for δ2H are achieved. However, collecting plant water is more challenging because the desired water is part of the living plant tissues and must first be extracted.

Water extraction through squeezing or cooking plant tissue to obtain chemical components and essential oils has been conducted for thousands of years (Kockmann, 2014). More recently, water extraction approaches for stable isotope analysis based on high-tech versions of squeezing or cooking plant material were developed, such as cryogenic vacuum extraction (Dalton, 1989; West et al., 2006; Koeniger et al., 2011), distillation (Vendramini et al., 2007), cryogenic freezing and crushing (Peters and Yakir, 2008), microwave (Munksgaard et al., 2014), or monitored in situ using the direct vapor equilibration of water (Wassenaar et al., 2008; Sprenger et al., 2015; Volkmann et al., 2016). The different high-tech methods require a controlled environment to achieve desired accuracy and precision. In addition, each of the aforementioned plant water extraction method is associated with challenges concerning accuracy, precision and repeatability (Orlowski et al., 2016a, 2018; Millar et al., 2018). Extraction time during cryogenic vacuum distillation, for example, affects the apparent stable isotope composition (West et al., 2006). In addition, different “common” methods have the tendency to co-extract various chemical compounds, which can affect the accuracy of laser spectroscopes (West et al., 2010; Millar et al., 2018). As such, there is no general agreement upon optimal or best practice for plant water extraction methods. However, the choice of extraction method may affect study results and represents a subjective and potentially influential factor.

All current plant water extraction methods tend to be resource-intensive, costly, and demand specialized materials and supporting infrastructure. These requirements limit leveraging of citizen science projects which have been beneficial for other isotopic-centered hydrological efforts, such as spatial rainfall sampling during storm events (Good et al., 2014). The relatively high resource demands of plant water extraction is especially problematic when working in remote areas that lack infrastructure where plant water isotopic information could be most useful e.g., in central Tanzania (Koutsouris and Lyon, 2018) or in northern Sweden (Dahlke et al., 2014). Therefore, methodological innovations are necessary for fast, easy, reliable and cost-efficient plant water extraction.

With this perspective in mind, this study develops do-it-yourself “MacGyver” plant water extraction methods using materials found in common kitchens or laboratories around the world and techniques that can be implemented without specialized training. As a proof of concept, we used herbaceous plants species, such as grasses and melon plants, to evaluate the effectiveness of the various techniques and compared the isotopic composition of the extracted water with a “standard” extraction technique, i.e., the cryogenic vacuum distillation. In addition, we simulated the effect of plant sample transport and storage on the plant water isotopic composition. Since all plant water extraction methods have sources of error and uncertainty, which we can control through adequate methodological characterization and clearly defined protocols, our study proposes and tests the hypothesis that simple plant water extraction methods can be used to generate isotopic data with precisions that are comparable to that of more demanding methods.

MATERIALS AND METHODS

Plant Material Growth and Initial Processing

Plant water extraction methods were tested on four plant material groups: (A) grass grown indoors (ryegrass; Lolium perenne); (B) melon plants grown indoor (water melon; Citrullus lanatus); (C) grass grown outdoors on a mown lawn and (D) grass grown outdoors on a grazed pasture (both the pasture and the lawn C and D are a combination of mainly Poa annua and Festuca rubra) (Supplementary Figure S1).

Indoor plant groups grew in trays on an office windowsill. Each tray (22 × 36 × 6 cm) contained 40, free-draining seedling pots (4 × 4 × 5 cm). Each pot contained one turf briquette, which was soaked for 30 min in water to reach field capacity before sowing five grass seeds or two melon seeds. To control isotopic composition, we used two 25-L closed-top barrels filled with tap water at the beginning of the experiment giving a constant and known isotope composition (δ18O = 7.97 ± 0.3‰ and δ2H = −62.02 ± 0.5‰) for the initial soaking and subsequent irrigation. One of the trays rested on a kitchen balance connected to an ArduinoTM UNO micro-controller with SD-shield (AMC) to measure changes in weight due to evaporation and transpiration at 5 min intervals. In addition, AMC-connected, low-budget soil moisture sensors (HL-69) were installed into one seedling pot to monitor volumetric soil moisture content (%). The AMC information was used to monitor water content and adjust the irrigation scheme, which consisted of irrigation every 2–3 days with 10 ml of water to maintain a moisture content of approximately 60–80% across both trays. Two growing lamps (Plantagen, 6 W, 180 lumen, 265 μmol at 200 mm) were used to supplement light since the experiment was ran in the winter in Sweden (low natural radiation and short days). The lamps were positioned 40 cm above each tray and provided 20 h of light per 24 h cycle. To maintain homogeneous growing conditions, the growing pots in each tray were randomly turned around daily. After 40 days, when grass leaves reached a length of >20 cm and 2–5 mm width and to melon plants had three leaves >15 cm long, the plants were harvested.

The plant groups grown outdoors consisted of grasses collected from a lawn and a pasture at Stockholm University’s Frescati campus. Plant material samples were collected after a rain event during 1 day in October 2018 (autumn). At the moment of sampling, the qualitative soil moisture content was assessed as class 5, i.e., where squelchy noise can be heard when stepping on the ground but no water is visible (Rinderer et al., 2012). At the time of sample collection, both grasses had an average height between 10 and 20 cm, a leaf width larger than 5 mm, and were fibrous. To have a consistent sample size for the various extraction techniques (next section) and isolate potential variability in isotopic composition in the outdoor grass, the grass collected at each site was taken from three 20 × 30 cm plots located within 1 m of each other. The lawn grass and pasture grass samples were composited separately and then cut into 2 cm pieces for water extraction.

Directly after harvest of both the indoor and outdoor plant material, three replicates were prepared for each of the extraction techniques by weighing plant samples (Precisa XT4200C, ± 0.01 g). Due to the low plant weight and to be able to extract sufficient water for stable isotope analysis, a sample consisted of a leaf and stem.

Plant Water Extraction Methods

Reference Method (REF) – Cryogenic Vacuum Extraction

The cryogenic vacuum extraction technique described by Koeniger et al. (2011) was used as the reference method (REF method) for the evaluation of the MacGyver methods. This method was chosen because it is considered relatively inexpensive, fast, and reliable when working in well-controlled environments without material procurement limitations. The REF method (Figure 1a) uses a heated vial (EXE-I, Exetainer® vial with standard cap and rubber septum, Labco Ltd, Lampeter, United Kingdom) and a cold trap vial (EXE-II, Exetainer® vial with standard cap and rubber septum, Labco Ltd, Lampeter, United Kingdom). We transferred 3 g of plant material into EXE-I immediately after harvest and stored for 1 h at −20°C to avoid decomposition and fractionation. Before extraction, EXE-I and EXE-II were connected through steel capillary tubing (bended syringe 150 × 2 mm, washed and oven dried at 200°C before use) and the entire system evacuated with a hand vacuum pump (Mityvac) to a threshold of 85 kPa. EXE-I was heated for 1 h in a 100°C water bath while EXE-II rested in a Dewar flask containing liquid nitrogen (∼−196°C). Every 15 min the Dewar flask was refilled with liquid nitrogen. After 1 h the extraction was stopped and EXE-II was sealed with Parafilm. After thawing, the extracted liquid water was pipetted into 2 ml vial for stable isotope analysis.


[image: image]

FIGURE 1. The different plant water extraction techniques used: (a) REF (cryogenic vacuum), (b) MO (mojito, left) and mojito after centrifuge (right), (c) MW (microwave), (d) JJ (jam jar), (e) ICE (ice cube), (f) REFT (REF with simulated transport, grass samples after 1 h in the oven to simulate transport of the material) and (g) REFS (REF with simulated storage, the grass samples thawing after 1 h in the freezer with exfiltration, i.e., loss of plant water). For each method the different materials needed, advantages, disadvantages, usability (easy, neutral, challenging indicated as ++, +, or 0) and overall rank (best to reasonable indicated as 1–3; based on Z-scores) are listed in the respective columns.



Method 1 (MO) - Pestle and Mortar Extraction (Mojito Method)

A mojito is a cocktail where mint leaves are gently mashed with a muddler to extract essential oils. With this in mind, the idea of the mojito methods was born. Interested in water instead of essential oils, we transferred 5 g of plant material to a mortar immediately after harvest and slightly crushed it with a pestle until a mushy, watery puree developed (Figure 1b). The puree was squeezed with the pestle to separate fibrous material from the green liquid. The green liquid was transferred into a centrifuge vial and laboratory centrifuged for 30 min at 5000 rpm to separate the water from the grounded plant particles. As an alternative, in remote areas a hand-made centrifuge can be used [e.g., Bhamla et al. (2017)]. After centrifuging, the liquid water was pipetted into 2 ml vial for stable isotope analysis.

Method 2 (MW) – Household Microwave and Re-sealable Zipper Storage Bags

This method used a standard kitchen microwave and re-sealable zipper storage bags (Figure 1c). We transferred 3 g of plant material into a double re-sealable zipper storage bags immediately after harvest and then microwaved at 300 W for 1 min (longer times were not used to prevent the plant material from burning). The extracted water pooled in the bottom of each plastic bag. The extracted water was transferred to a 2 ml vial for stable isotope analysis.

Method 3 (JJ) – Jam Jar Extraction

An expandable container was constructed by affixing a latex balloon secured with a zip-tie to the top of a clean 200-ml glass jar (Figure 1d). We transferred 3 g of plant material immediately after harvest into the jar before sealing the container. The jar was then placed in a 100°C water bath for 1 h (same extraction time as in REF method). During the cooking process, the balloon expands and water condensates against the inner surface. After cooking, the jar was removed from the water bath and allowed to return to room temperature. Once at room temperature, the jar was unsealed and the water in the balloon was pipetted into 2 ml vials for isotopic analysis.

Method 4 (ICE) – Ice Vacuum Extraction Using Ice Cubes and Cooking Salt

A mix of ice cubes and table salt [weight ratio 3:1 (Arbouw, 2018)] was used for cooling (−20°C) in place of the liquid nitrogen used in the aforementioned REF method (Figure 1e). Using the same setup outlined for the REF method, we transferred 3 g of plant material into EXE-I and stored frozen (−20°C) until extraction. As in REF method was conducted by placing EXE-I into a 100°C water bath and EXE-II into the ice-salt mixture. The ice-salt mixture was mixed every 15 min and the temperature was continuously monitored with a laboratory thermometer. After 1 h, EXE-II was removed and sealed with Parafilm®. After thawing, the extracted liquid water was pipetted into 2 ml vial for stable isotope analysis.

Simulated Transport (REFT) and Storage Impacts (REFS)

We explored the potential impact of transport (i.e., changes introduced after sampling and moving the samples from field to the laboratory) and storage (i.e., changes introduced by delayed analysis) on the stable isotope compositions. Since our goal was to assess the magnitude of errors introduced by transport and storage, we only consider REF method for this experiment.

To simulate the transport error, 5 g of plant material were transferred immediately after harvest into a re-sealable zipper storage bag and excess air was removed by hand. This bag was placed in a second re-sealable zipper storage bag. After being sealed, the bags were stored in a laboratory oven at a constant 50°C to simulate warm transport conditions (e.g., transport in a car without refrigeration). After 1 h, 3 g of plant material were transferred into EXE-I for plant water extraction REFT (simulated transport using the REF method to extract the plant water).

To simulate the impact of storage on the stable isotope composition, 5 g of plant material were transferred into double-bagged re-sealable zipper storage bags immediately after harvest and stored in a standard freezer at −20°C for 1 h. This test allows assessing how freezing and subsequent thawing affects isotopic composition, which would be a typical concern around storage of plant samples waiting to be processed. After removal form the freezer, 3 g of the plant material were transferred into EXE-I for plant water extraction REFS (storage impact using the REF method to extract the plant water).

The extraction efficiencies (Eeff) were assessed as the ratio of the weight of the extracted plant water over the weight of the total plant water expressed as:
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where the weight of the pre-extraction plant sample is WI, weight of the post-extraction plant sample (WE) and the weight of the plant sample after oven dried at 105°C (WD, weighed repeatedly until there was no change in weight).

Isotopic Measurement and Extraction Method Comparison

Each extracted plant water sample was pipetted into a 2 mL vial (32 × 11.6 mm screw neck vials with cap and PTFE/silicone/PTFE septa). All water samples were analyzed using a Thermo Scientific isotope-ratio mass spectrometer (IRMS, Delta V Advantage Conflo IV) coupled with a Thermo Scientific Gas Bench II to determine δ18O. Water samples (0.2 ml) were placed in Exetainer® vials and the headspace flushed by a 0.3% CO2-He gas mixture of known isotopic composition. After an equilibration phase of 24 h, the headspace vapor phase was injected 8 times which allowed for a precision of 0.08‰ for δ18O. Deuterium composition was determined by direct injection on the same IRMS, coupled with a Thermo Scientific High Temperature Conversion Elemental Analyzer (TC/EA), equipped with an autosampler (Thermo Scientific AI/AS 3000). Each sample was injected and analyzed 5 times. This allowed for a final precision of 0.7‰ for δ2H. Vienna Standard Mean Ocean Water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) were used as internal lab standards for both water isotopes. Isotopic composition is reported normalized to the composition of VSMOW, which is defined as 0‰ δ18O and 0‰ δ2H. Further, deuterium excess (D-excess) is defined as D-excess = δ2H-8⋅δ18O (Craig, 1961). All extracted plant water samples were analyzed with an IRMS (high-tech, high-cost) contradicting the low-cost character of this study. However, using an IRMS we could avoid issues with solutes released during the extraction that impact the accuracy of laser spectroscopes (West et al., 2010; Millar et al., 2018). In this way, our analysis could focus on the water extraction method, assuming the isotope analysis was reliable.

The isotopic compositions of water from the different extraction methods were compared in dual isotope space (i.e., plotting δ18O against δ2H). For each extraction method the average, standard deviation (SD), range (max-min) and the difference of the average composition of a method to the average of the reference plant water extraction were determined. The plant water extraction methods were also compared by Z-scores (Wassenaar et al., 2012):
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where Mn is the isotopic composition of water extracted with the trial method (namely MO, MW, JJ, ICE, REFT, or REFS), MREF is the isotopic composition of the reference method, and SD is the analysis standard deviation. Instead of using the machine precision as SD (Wassenaar et al., 2012; Orlowski et al., 2016b), 1.44‰ for δ18O and 2.2‰ for δ2H was used as SD. These SD are based on the by Millar et al. (2018) reported average SD [leaf and stem obtained using the cryogenic vacuum extraction method Koeniger et al. (2011)] and were used in this study to better represent the natural variability of stable isotope composition in plant material. An adapted comparison criterion as proposed by Orlowski et al. (2016b) was used to reclassify Z-scores such that a Z-score <2 were comparable, scores from | 2–5| were considered acceptable and a score >5 was considered unacceptable.

RESULTS

Plant Water Extraction

All four MacGyver methods (Figures 1b–e) were able to extract 0.5–2 ml water from most plant groups with extraction efficiencies ranging from 0.5 to 1.0 (Supplementary Figure S2). In addition, the extraction efficiency varied across methods and there were qualitative differences among methods that are noted as part of the assessment of these MacGyver methods.

The MO method (Figure 1b) could extract water from the indoor plant groups. Despite centrifugation, it was not possible to separate all water from the puree and therefore no extraction efficiency was determined (Figure 1b). In contrast, outdoor grass plant material were largely fibrous given the autumn such that it was not possible to obtain enough water for stable isotope analysis.

The MW method (Figure 1c) was effective for all plant groups but some water droplets remained inside the re-sealable zipper storage bags due to adhesion to the inner side of the bag.

The JJ method (Figure 1d) was able to extract water for the indoor grown plant samples but was not able to extract sufficient water (<0.5 ml) from lawn grass samples. Some water droplets could not be piped due to adhesion to the grass and jar.

The ICE method (Figure 1e) and the REF method (Figure 1a) extracted plant water from all plant groups. As such, there was not a marked difference in the extraction efficiency comparing the MW, JJ, ICE methods and “standard” research-grade extraction technique REF.

Simulating a 1 h car ride at 50°C, the plant weight after transport decreased by 0.1–0.15 g, with the different grass samples (indoor and outdoor) losing 3% and the melon samples losing 10% of total water content, respectively (Figure 1f). Simulating the effect of storage (freezing and thawing), the plant weight after thawing decreased by 0.1–0.15 g with the different grass samples (indoor and outdoor) losing 1–10% of the total water content while melon plants decreased by 0.5 g, which is 20% of total water content (Figure 1g). From the plant materials used in REFT and REFS, we could extract 1–3 ml of water (extraction efficiency 0.3–0.98, Supplementary Figure S2) using the REF method.

Isotopic Composition of Plant Water Extracted

Considering the REF method, the outdoor grass samples were more depleted in δ18O and δ2H relative to the indoor plant samples (Table 1). Moreover, the indoor plant samples showed evaporative enrichment, falling below the global meteoric water line (GMWL, Figure 2). In contrast, grass grown outdoors on the lawn or pasture clustered along the GMWL (Figure 2). The water used for irrigation of the indoor plants had a constant isotope composition (δ18O = −7.97 ± 0.3‰ and δ2H = −62.02 ± 0.5‰) throughout the experiment and was on the GMWL (Figure 2).

TABLE 1. Comparison of isotopic composition across plant groups (columns).
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FIGURE 2. Dual isotope space (δ18O and δ2H) including all extracted plant water samples, the global meteoric water line (solid gray line), the evaporation line calculated as in Benettin et al. (2018) (dashed line) using the median irrigation water (star). The median and error of the REF are indicated as cross hairs with black closed circles. (a) Symbols indicate the indoor grass (circles), melon (square), campus lawn grass (cross), grass from the pasture (asterisk) and irrigation water (star). Different colors indicate cryogenic vacuum extraction (REF), simulated transport using REF (REFT), simulated storage using REF (REFS) and the different extraction methods MO, MW, JJ, and ICE (mojito, microwave, jam jar and ice cube, respectively). The side panels show data for each plant group (A-D) separately (b–e).



The isotopic range and SD obtained from a given method were 3‰ and 1.5‰ for δ18O, and 17.7‰ and 9‰ for δ2H respectively (Figure 2 and Table 1). The average isotope composition of water extracted with any single MacGyver method differed from the average of the REF extracted plant water (Table 1).

For the different grass samples (indoor, lawn and pasture), most extraction methods provided δ18O that were comparable (28 out of 32 samples, 88%) to those obtained from the REF method, such that Z-scores were less than 2 (Figure 3). The remaining extraction methods (4 out of 32 samples, 12%) provided δ18O values regarded as acceptable (Z-scores between 2 and 5, Figure 3). Many extraction methods yielded δ2H values comparable (11 out of 32 samples, 34%) to those from the REF method, such that Z-scores were less than 2 (Figure 3). Eight out of 32 samples (25%) provided acceptable δ2H values (Z-scores between 2 and 5; Figure 3), while the remaining (13 out of 32 samples, 45%) were different from those obtained with the reference method.
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FIGURE 3. For each plant group A-D (a–d), performance of the different plant water extraction methods using the Z-scores. Symbols indicate the indoor grass (circles), melon (square), campus grass (cross), grass from the pasture (asterisk), and irrigation water (star). Different colors indicate cryogenic vacuum extraction (REF), simulated transport using REF (REFT), simulated storage using REF (REFS) and the different extraction methods MO, MW, JJ, and ICE (mojito, microwave, jam jar and ice cube, respectively).



The melon plants had fewer isotope values since not all methods were able to extract water (Figure 3b). For the methods that were able to extract water, most were comparable to the REF method for δ18O (4 out of 5 samples) such that Z-scores were less than 2 (Figure 3). The remaining extraction method (1 out of 5 samples) was acceptable for δ18O such that the Z-scores was between 2 and 5 (Figure 3). In contrast, most methods were different from the REF method for δ2H (4 out of 5 samples), such that Z-scores were larger than 5 (Figure 3). This lower reliability for δ2H with melon plants could not be explained by lower extraction efficiencies (Supplementary Figure S3).

Most of the samples affected by simulated transport or storage (REFT and REFS) were comparable (7 out of 14, 50%) or acceptable (7 out of 14 samples, 50%) for δ18O when compared to values obtained from the REF method, such that Z-scores were less than 5 (Figure 3). In contrast, most of the samples affected by transport or storage (REFT and REFS) were unacceptable for δ2H (9 out of 14, 65%), such that Z-scores were larger than 5. This result indicates a significant influence of transport and storage on the isotopic composition of plant water.

DISCUSSION

Usability of the Different Extraction Methods

Each of the investigated MacGyver methods has advantages and disadvantages concerning usability and efficiency to extract water (Figure 1). The MO method was easy to use in the field or in laboratory but could not extract water from fibrous plants. The MW extraction was quick and able to extract water from all different plant materials considered, but some water droplets remained in the bag, which likely had an effect on the calculated extraction efficiency and isotope composition of the extracted water. The JJ method can be applied nearly everywhere, including in remote areas with only access to an outdoor stove or fire, but had difficulty to extract water in fibrous plants and water droplets adhering to the leaves and jar, possibly effecting the calculated extraction efficiency and isotope composition of the extracted water. The disadvantage of the ICE method, which is a low-technology variant of the REF method, was that more materials including ice cubes were needed compared to other MacGyver methods. Still, a benefit of the ICE method was that it could extract water from all different plants considered and no additional safety or training aspects were needed (e.g., handling liquid nitrogen −196 °C). Hence, the ICE method could be used safely in citizen science and/or school projects.

Even though the low-technology and low-cost plant water extraction methods were able to effectively and economically extract water from plants, different aspects need to be examined in more detail. In the methods based on heating plant material to release plant water (MW, JJ, and ICE), a fixed extraction time of 1 h was selected from literature values (West et al., 2006; Koeniger et al., 2011). However, as observed by West et al. (2006), the extraction time of cryogenic vacuum extraction affects the stable isotope composition. Therefore, as a next step as we seek to develop and differentiate these MacGyver methods, the extraction time should be optimized for each method and investigate the effect of co-extracted chemical compounds on laser spectroscopes. In addition, it is necessary to test all methods (MO, MW, JJ, and ICE) on other types of plant (e.g., trees).

Method Precision and Plant Water Isotopic Composition

Besides the effectiveness and applicability of each method considered in this study, it is important to assess how the isotopic signatures of the extracted water compare across the different methods.

The different MacGyver plant water extraction methods were able to extract water across a range of plant species and growing conditions (Figure 2). The methods seemed to correctly capture the observed evaporative enrichment in the indoor-grown plants and that outdoor grass had an isotopic composition similar to that of the GMWL (Figure 2). Single outliers in isotopic composition can be explained by the freezing of the outer and inner part of the syringe (for both ICE and REF) in proximity to the ice or liquid nitrogen, which blocked flows near EXE-II and impacted extraction and eventually the isotopic composition.

Comparing the isotope composition of the different plant water extraction methods across the different plant groups, the ICE method provided results that were closest to the REF method (Figures 1, 3 and Supplementary Figure S4). However, also a range of plant water stable isotope compositions larger than the precision of the stable isotope analyzer could be noticed (Figure 2). The average range of 3‰ for δ18O for the different MacGyver methods is large but also similar to that reported by Millar et al. (2018) and West et al. (2006) using standard research-grade extraction methods. As such, the MacGyver methods can be used with some confidence knowing that the relative performance regarding final stable isotope composition is equivalent to high-tech and high-cost methods.

In general, the performance of the different methods for δ18O were acceptable for all plants and for δ2H for the grasses (Figure 3 and Supplementary Figure S4). The higher deviation of Z-scores for δ2H of melon plant water suggests either that fractionation occurred during sample processing or that the melon plants used in this study experience greater transpiration from the leaves. Unfortunately, due to the limited amount of plant material considered, we could not further investigate this effect through separating the different plant components (e.g., roots, stems and leaves) as was done by e.g., Millar et al. (2018). In addition, it is also uncertain whether each method extracts the same water pool from each plant type or if different pools of water are extracted according to method (e.g., water from stems vs. leaves, or from xylem vs. intercellular water). This issue begs the question of how representative any bulk extraction method (i.e., cryogenic vacuum distillation) would be when it removes all water from plant tissues.

Potential Effect of Transport and Storage on the Stable Isotope Composition

Water samples for stable isotope analysis are typically collected in the field using bottles (preferably glass or HDPE-bottles) and hermetically sealed with a cap. Under such conditions, samples collected today could be analyzed years later (Spangenberg, 2012). Our study, however, highlights that during transport from the field to the laboratory the plant water stable isotope compositions can change considerable (Figures 1, 3, 4) and to a greater extent than the accuracy of extraction and stable isotope analysis. When plants are collected and not immediately cooled, plant material continues to transpire or lose water via evaporation from the cut surfaces, resulting in water loss of up to 10% compared to the initial sample weight. Hence, it is advisable to cool the plant material directly in the field. In addition, a common practice is to store the collected plant material in a freezer until processing to prevent decomposition and fractionation until the plant water is extracted. When freezing plant material, the cell walls burst. Upon thawing, there can be 10–20% loss of the total plant water impacting the remaining plant water isotopic composition.
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FIGURE 4. The process chain from plant sample collection and transport, storage, plant water extraction and isotope analysis to the final isotope composition. At each step, the potential water loss and associated error in isotopic composition for δ18O and δ2H are indicated as % and ‰, respectively. With each step the cumulative error in the isotope composition increases, highlighting the importance to focus not only on the extraction technique but on the full process chain.



Clearly, focusing only on equipment and laboratory techniques while neglecting how consistency in transport and storage can impact isotopic composition can bring about significant misinterpretations. This is where MacGyver methods could provide a remedy or supplement to standard methods such as the cryogenic vacuum extraction (Koeniger et al., 2011) or direct vapor equilibration method as proposed by Millar et al. (2018), by virtue of their speed and ease of use to help bring about consistency.

CONCLUDING REMARKS

Our results show that simple MacGyver methods can generate isotopic data with a precision that is generally comparable to that of higher-demand research grade methods. In addition, we demonstrated that it is necessary to consider the full process chain from plant sample collection to isotope analysis, as there are several possible sources of errors along this chain (Figure 4). All plant water extraction methods have sources of error and uncertainty, which can be controlled through adequate methodological characterization and clearly defined protocols. Therefore, the MacGyver plant water extraction methods presented here are methodologically promising for the rapid expansion of isotopic investigation especially in remote areas with technological limitations or in citizen science and/or school projects that require high safety standards.
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FIGURE S1 | Growing tray with indoor grass-A in windowsill (a), growing tray with melon-B in windowsill (b), outdoor grass-C lawn with sampling locations indicated by re-sealable zipper storage bags (c), outdoor grass-D pasture (source: Google Street view) (d), pod with indoor grass-A just before harvest (e) and pods with melon just before harvest (f).

FIGURE S2 | For each plant group (column A–D), the boxplots show δ2H, δ18O, deuterium excesses (D-exe), and water extraction efficiency. The letters indicate the cryogenic vacuum (REF), simulated transport using REF (REFT), simulated storage using REF (REFS), mojito (MO), microwave (MW), jam jar (JJ) and ice cube (ICE) extraction methods. The red line indicates the median of the REF, and the gray lines indicate the analytical standard deviation.

FIGURE S3 | The extraction efficiency as a function of δ18O Z-scores (top row) and deuterium excess Z-scores (bottom row) for the different extraction methods: cryogenic vacuum (REF), simulated transport using REF (REFT), simulated storage using REF (REFS), microwave (MW), jam jar (JJ) and ice cube (ICE) extraction methods. Symbols indicate the indoor grass (circles), melon (square), grass from the lawn (cross), grass from the pasture (asterisk) and irrigation water (star). Different colors indicate cryogenic vacuum extraction (REF), simulated transport using REF (REFT) and simulated storage using REF (REFS).

FIGURE S4 | Data of Figure 3 represented as boxplot to compare the different plant water extraction methods (mojito (MO), jam jar (JJ) and ice cube (ICE) extraction methods) for plant groups A, C, and D (plant group B excluded due to few data points) using the Z-score. Individual data points are indicated with circles and boxes indicate the 25 and 75th percentiles.

TABLE S1 | The complete stable isotope dataset that was generated and analyzed for this study.
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