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The isotopic composition of xylem water is frequently measured to identify sources of plant water uptake and evaluate the ecosystem water budget. The most common approach to sample xylem water is cryogenic vacuum distillation (CVD). However, the water recovered by CVD is total xylem water from the complex xylem tissue, including living xylem parenchyma cells, embolized tracheary conduits, and small or disconnected conduits that may have a different isotopic composition from water conducted through conduits of the dominant flow from roots to leaves. The isotopic composition of water in the dominant flow network is likely more representative of the isotopic composition of daily transpiration whereas the total xylem water likely integrates water with a longer residence time that may undergo exchange with organic compounds. An alternative extraction method using a pressure chamber (PC) can capture predominantly the transpiration-stream water through the dominant flow network. We compared the offsets in the isotopic composition of water recovered using CVD and PC from eight conifer species that vary in xylem anatomical and functional traits. The PC method accessed a significantly distinct isotopic domain of stem xylem water compared to the total xylem water accessed by CVD (δ2H, p = 0.012; δ18O, p = 0.028). The difference between δ2H of stem water extracted by PC and CVD methods (Δ2Hstem) was significantly correlated with stem water content (p = 0.048) and the mean Δ2Hstem for each species had a significant relationship with species-specific xylem vulnerability to cavitation (i.e., ψ50) from literature values (p = 0.030). We found a significant positive relationship between Δ2Hstem and Δ18Ostem across all trees sampled (p = <0.001). These results support the existence of isotopically heterogeneous water pools, but we cannot exclude potential CVD artifacts contributing to a portion of the Δ2Hstem offsets. Our data suggest additional mechanisms of incomplete mixing and variable residence time in xylem conduits may contribute to isotopic heterogeneity proposed by previous work. Future work should consider using the PC method for assessing the isotopic composition of daily scale transpiration and determining species-specific xylem anatomical properties that could explain isotopic differences between various xylem water pools.
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INTRODUCTION

Transpiration is the dominant component of evapotranspiration returning water to the atmosphere over most landscapes on Earth (Schlesinger and Jasechko, 2014). Increases in transpiration with compensating reductions in streamflow and groundwater storage have already been linked to rising temperatures related to climate change in mountain ecosystems (Mastrotheodoros et al., 2020). Many areas may face increased water scarcity over the coming decades as temperatures warm and precipitation becomes more uncertain and variable (IPPC, 2014). Therefore, the tools we use to quantify components of the water budget and estimate water movement in terrestrial environments need to accurately and precisely reflect processes used in ecohydrologic models.

Water stable isotope measurements have been used extensively to track water movement through the soil-plant-atmosphere continuum (Penna et al., 2013; Sprenger et al., 2016), identify plant water sources (Ehleringer and Dawson, 1992; Barbeta et al., 2019), and validate estimates of evaporation and plant transpiration (Williams et al., 2004; Bowen et al., 2019). However, the extraction methods used to recover water from plant and soil samples for isotopic analysis have come under intense scrutiny because of unresolved questions about the proportion of total water recovered by each method and the possible isotope fractionations expressed during storage and extraction (Orlowski et al., 2016a; Newberry et al., 2017; Tsuruta et al., 2019; Chen et al., 2020). These questions have prompted many inter-method and inter-laboratory soil and plant water extraction comparisons (Orlowski et al., 2016b, 2018; Millar et al., 2018; Fischer et al., 2019).

The most common and widely accepted method for extracting total water from soil and plant samples for isotopic analysis is cryogenic vacuum distillation (CVD). Other methods for collecting water from plant and soil samples are available, such as direct vapor equilibration, centrifugation, high pressure mechanical squeezing, microwave extraction, and a newly developed cavitron method (Barbeta et al., 2022), but all have been less frequently employed than CVD. Thus far, the consensus from the comparisons of extraction methods for soil samples, as well as studies that have used a stepwise application and/or combination of extraction methods (Bowers et al., 2020; Orlowski and Breuer, 2020), is that each method can access various proportions of fast- and slow-flow soil water domains (Sprenger and Allen, 2020). Furthermore, these fast and slow domains can be isotopically distinct due to incomplete mixing and isotopic fractionations related to evaporation, soil particle wettability, and interactions with soil minerals, dissolved ions and organic matter content (Meißner et al., 2014; Oerter et al., 2014; Chen et al., 2016; Gaj et al., 2017, 2019; Gaj and McDonnell, 2019; Sprenger et al., 2019; Bowers et al., 2020; Orlowski and Breuer, 2020). Isotopic heterogeneity and exchange processes affecting bulk and component isotopic values of water in the transpiration stream in plant tissues has received much less attention (Knighton et al., 2020). This is primarily because of a longstanding assumption that water is unaltered and well-mixed during its transit from absorption surfaces in roots and up through the stem, such that the isotopic composition of the total water in the stem is representative of plant source water. Consequentially, the comparisons of plant water extraction methods thus far have primarily focused on non-woody species and differences in cost, difficulty, potential for co-extracted and spectroscopically interfering organic compounds, and the extraction apparatus and protocols rather than addressing the potential for isotopically heterogeneous plant water and variable removal of total plant water using each method (Millar et al., 2018; Fischer et al., 2019).

Millar et al. (2018) compared six extraction methods (i.e., direct vapor equilibration, centrifugation, two versions of CVD, high-pressure mechanical squeezing, and microwave extraction) for four plant portions (i.e., inflorescence, leaf, stem, and root) of spring wheat (Triticum aestivum). Notably, they discussed that high-pressure mechanical squeezing, centrifugation and CVD are all capable of accessing the total plant water pool whereas direct vapor equilibration is the most appropriate for investigating plant water sources and therefore more representative of transpiration. The total plant water pool is potentially different from the transpiration-stream plant water pool in that it could contain water from living parenchyma cells within the xylem. These parenchyma cells are not directly in the transpiration-stream and their primary role is carbohydrate and water storage, with possible additional roles in fungal defense (Morris et al., 2016a) and embolism recovery (Secchi et al., 2017). Since they are not primarily conducting water, they may have different isotopic water compositions due to fractionations associated with cellular metabolic activity, long residence time integrating previous plant water sources, and variable and limited exchange with conducting cells. In addition, the total plant water could contain water from tracheary elements that are embolized or downstream (i.e., closer to leaves) of an embolism and either not conducting water currently to the leaves or conducting to a lesser extent than the predominant flow paths from roots to leaves. Similarly, small tracheary elements could be simply conducting at a much lesser extent due to smaller conduit diameters as has been supported mathematically by the Hagen-Poiseuille equation (Hacke et al., 2017). Other than direct vapor equilibration and new cavitron method, sampling xylem sap using a Scholander-type pressure chamber (PC) is the only other method reported in the literature for acquiring transpiration-stream water from plant samples for isotopic analysis (Ellsworth and Williams, 2007; Penna et al., 2013; Geißler et al., 2019; Zuecco et al., 2020). While the Scholander-type pressure chamber (PC) has primarily been used for ecophysiological studies aiming to understand plant water stress by measuring pre-dawn and midday leaf water potentials (Tyree and Hammel, 1972; Carrière et al., 2020), it has the methodological advantage of sampling water primarily from the functional tracheary elements. Previous work using the PC method for isotopic analysis of xylem sap has demonstrated that the transpiration-stream water recovered from the PC method can be isotopically distinct from the total plant water recovered by CVD (Ellsworth and Williams, 2007; Zuecco et al., 2020). However, previous work has not investigated the role of xylem anatomy and functionality on these differences. For this study, we used published data on parenchyma content as a proxy of the influence of living cells in the complex woody tissue. Additionally, we used published data on vulnerability to cavitation (i.e., ψ50) as this parameter has been shown to integrate complex tradeoffs in anatomical structure and function of xylem tissue (Pratt and Jacobsen, 2017; Mrad et al., 2018). Lastly, recent work has raised concerns that hydrogen atoms of water molecules exchange with plant organic compounds and cause artifacts in the isotope composition of waters recovered by CVD (Millar et al., 2018; Chen et al., 2020). These proposed artifacts associated with the CVD method correspond to changes of δ2H values but not of δ18O values. Chen et al. (2020) concluded their differences in δ2H values between CVD and transpiration-stream water with the addition of a rehydration experiment failed to support the existence of isotopically heterogenous xylem water. However, recent work has suggested alternative surface- and aquaporin-mediated mechanisms that could produce similar changes to δ2H values before water is extracted by CVD and therefore in support of isotopic heterogeneity of xylem water (Zhao et al., 2016; Barbeta et al., 2020). It is also worth noting that previous work supporting CVD artifacts have not used mature trees. Millar et al. (2018) used wheat and Chen et al. (2020) used 2- to 4-year old saplings which both have a much smaller capacity for internal storage compared to mature trees that variably rely on internal storage (Cermak et al., 2007; Matheny et al., 2015). Thus, using mature trees and observing a covariation of H and O isotopes recovered by different methods may reflect the presence of isotopically heterogeneous pools of xylem water solely or in addition to the proposed CVD artifacts. If not properly quantified, the differences between the isotopic composition of total tissue water and that of the transpiration-stream water could greatly affect the estimation of sources of water used by trees and add significant errors to estimates of the ecosystem water budget.

This study proposes to quantify the degree that total water collected from stems of coniferous trees native to the central Rocky Mountains differs in stable isotope composition from that collected directly from the transpiration-stream and compare these differences to stem anatomical and hydraulic traits. The relative proportion of living cells was considered during the evaluation of each species by using previously reported data on woody tissue composition in conifers. In addition to the parenchyma content, stem water content and species-specific hydraulic vulnerabilities to cavitation, which both integrate many complex wood anatomical differences between species, were used to assess whether isotopic heterogeneity was related to hydraulic characteristics of each species. Specifically, our research aimed to: (1) quantify whether transpiration-stream and total plant xylem water were consistently and significantly different across coniferous tree species, (2) assess if these differences were related to stem water content as well as species-specific parenchyma cell content and xylem vulnerability to cavitation, and (3) assess with mature trees if these differences support isotopically heterogenous xylem water storage rather than simply method specific isotopic artifacts.



MATERIALS AND METHODS


Study Areas and Time

This study presents findings from samples taken from trees at two locations in southeast Wyoming, USA. The first location where naturally occurring trees were sampled was a forested hillslope within the No Name Watershed of the Medicine Bow National Forest, located roughly 50 km west of Laramie, WY (henceforth referred to as “Med Bow”). The Med Bow location is roughly 2,950 meters above sea level and receives about 900 mm of precipitation annually, predominantly as snow. Sampling took place at the Med Bow location on September 2nd and 4th of 2020. The second location where artificially planted trees were sampled was on the main campus of the University of Wyoming, located in Laramie, WY (henceforth referred to as “Campus”). The Campus location is roughly 2190 meters above sea level and is well-watered by irrigation and receives additional precipitation of roughly 280 mm per year, predominantly as snowfall. Sampling took place at the Campus location September 14th, 16th, 18th, and 19th of 2020. On each sampling day and at each site, samples were collected on clear weather mornings while plants were active from 8:00 a.m. to 12:00 p.m.



Study Species and Plant Selection

Med Bow location included three native species of Lodgepole pine (Pinus contorta), Engelmann spruce (Picea engelmannia), and Sub-alpine fir (Abies laziocarpa). The Campus location included five more species native to the central Rocky Mountains that were planted by the University of Wyoming: Blue Spruce (Picea pungens), White fir (Abies concolor), Ponderosa pine (Pinus ponderosa), Pinyon pine (Pinus edulis), and Rocky Mountain juniper (Juniperus scopulorum). Three individuals of each species were sampled at each location. Individuals were chosen at each site for this study by having similar sunlight exposure, canopy dominance, and diameter at breast height.



Stem Sampling

Small terminal branches were taken from the southern aspect of each individual tree at about 3–5 meters off the ground with a long reach pruner. However, some of the Lodgepole pine samples at the Med Bow location were outside the reach of the long reach pruner and were retrieved using a 12-gauge shotgun. All needles were removed from samples immediately following removal from the tree. Small twigs connected to the main stem of collected branch samples were removed to isolate 15-cm long stem segments. Then phloem and bark were removed from about 5 cm of the proximal end of the stem (Figure 1A). Next, a sub-sample of roughly 1 cm of the woody xylem at the proximal end of the stem was removed and placed in a glass vial to later collect total plant water by CVD (Figure 1B), henceforth referred to as “Stem-CVD” samples. The remaining segment of woody xylem was wrapped in Teflon to facilitate an airtight seal in the Scholander-type pressure chamber gasket for PC extraction (Figure 1B), henceforth referred to as “Stem-PC” samples. We collected and combined water from five consecutively sampled stems for each tree to make Stem-PC composite samples (see below for details on PC water extractions). Stem-CVD samples also were composite samples consisting of trimmings from the same five stems of a tree to permit a direct comparison between CVD and PC extraction methods.


[image: Figure 1]
FIGURE 1. Example of preparation of stem sample immediately after pruning (A) and following the subsampling of roughly 1 cm cut section for cryogenic vacuum distillation (CVD) extraction for Stem-CVD composite subsamples and Teflon wrapping of remaining stem sample before Scholander-type pressure chamber (PC) water extraction for Stem-PC composite samples (B). Figure includes an example stem of Blue Spruce at Campus location for visualization and this particular stem was not actually used for extractions.




Trunk Sampling

To strengthen the comparisons of water extraction methods with previous studies, core samples from the tree trunk of each sampled plant were taken to extract water using CVD. Each individual tree trunk was sampled on the same day that stems were sampled. Cores from tree trunks were sampled with a threaded, 4.3-mm diameter increment borer. Phloem and bark were immediately removed from xylem core tissue with tweezers once each core was removed from borer by the extractor and only 3 cm of the most distal (youngest) xylem was kept and placed in a glass sample vial. Excess (older) xylem was removed from the desired portion with a pair of scissors while holding the 3-cm core portion with tweezers. To integrate variation within a given tree, four core samples were taken from the four cardinal directions on the trunk and placed in a single glass vial to make a composite trunk sample for each tree. Composite samples were parafilmed, transported in a cooler from the field, and stored in a −20°C freezer until water was extracted by CVD for isotopic analysis, henceforth referred to as “Trunk-CVD” samples (see below for details on CVD extractions).



PC Water Extraction

The remaining stem segment wrapped in Teflon (mentioned above in Stem Sampling) was immediately placed into a PMS instruments Model 1000 pressure chamber instrument (PMS Instruments Company, Albany, OR, USA) after subsampling the stem for Stem-CVD composite sample and wrapping in Teflon (Figure 1B). We used the 3/8-inch gasket and insert with the 1/2-inch compression gland base from PMS Instruments Company to accommodate larger diameter stems than normally used for leaf water potential measurements. The chamber was pressurized using nitrogen gas up to 30 bars for pine samples and 35 bars for all other tree samples, at which point sap started to elute from the tip of the stem samples exposed outside the chamber. Sap was collected by dabbing and resting plastic Eppendorf tubes with glass wool on the exposed stem, and the chamber was commonly tilted on its side (Figure 2). Sap was collected for 3 min from each of the five stems that make up the composite Stem-PC samples. This timeframe was chosen to reduce the exposure to the atmosphere and limit the potential for evaporative enrichment.


[image: Figure 2]
FIGURE 2. Example of collecting Stem-PC sample into Eppendorf tube filled with glass wool and the PMS instruments Model 1000 pressure chamber instrument on its side so that gravity helps facilitate the collection of sap.


Prior to collection of sap, all Eppendorf tubes were prepared by filling roughly 1 gram of glass wool into each tube and labeling with a sharpie. Tubes were then oven dried at 105°C for 24 h and all vials were placed in a desiccator immediately following removal from the oven. Eppendorf tubes were removed from the desiccator on sampling days and stored in two plastic bags on site and during transportation. Control samples were taken on each sampling day to verify whether evaporative enrichment was altering sample values. To do this we applied 0.75 ml of tap water with known stable isotopic water values to separate control Eppendorf vials containing glass wool and treated as above. After either sap was collected, or control water was applied, all samples were parafilmed and transported in a cooler to the lab where samples were stored at −4°C until water was later extracted from Stem-PC and Control samples using CVD. We opted to also extract water from Stem-PC tubes additionally by CVD rather than mechanical squeezing so that there was a more direct comparison between total plant water and PC sampled water and because it had been done in like manner previously (Ellsworth and Williams, 2007).



CVD Water Extraction

All collected samples (Controls and Stem-PC samples in Eppendorf tubes and Stem-CVD and Trunk-CVD samples in glass vials) underwent water extraction by CVD on the glass water extraction line of the University of Wyoming Stable Isotope Facility. We performed the CVD procedure for 2 h at 102°C and at a starting vacuum pressure of <0.1–2.7 Pa. Temperature and pressure were controlled and monitored using heating coils, thermistors, and vacuum gauges. All samples were weighed prior to and post extraction and then placed in an oven for 24 h and re-weighed to determine extraction efficiency. More than 99% of water was removed from all samples during the CVD procedure.



Stable Isotope Analysis

The stable isotope composition of water is expressed as δ values in units of per mill (‰) and calculated using the isotopic ratios of 2H/1H and 18O/16O for each sample (Rsample) and the international standard (Rstandard) (Equation 1). The international standard Vienna Standard Mean Oceanic Water (VSMOW) was used in Equation 1 and all measurements were corrected to the VSMOW scale using working reference waters calibrated to VSMOW and the Standard Light Antarctic Precipitation (SLAP) reference waters obtained from the International Atomic Energy Agency (IAEA).

[image: image]

The isotopic composition of all water samples was analyzed at the University of Wyoming Stable Isotope Facility using a Delta V isotope ratio mass spectrometer (IRMS) with a temperature conversion/elemental analyzer (TC/EA) interface from Thermo Scientific (Thermo Scientific Corporation, Bremen, Germany). For this study, the measurement precision for the IRMS was 0.95 ‰ for δ2H and 0.31 ‰ for δ18O.



Wood Metrics

Water content was calculated for each Stem-CVD as the weight of water per dry weight of stems (g/g). Weight of water for each Stem-CVD sample was calculated as the difference between sample weight before CVD extraction and after 24 h in the oven post CVD extraction.

Since conifers primarily have ray parenchyma, we used values of ray parenchyma (RP) content of stems for the species in this study that were available in the Global Wood Parenchyma Database (Morris et al., 2016b). Out of the eight species in this study, only four species (i.e., Picea engelmannia, Pinus contorta, Pinus ponderosa, and Abies concolor) had RP data in the Global Wood Parenchyma Database and available data for each species was from Myer (1922).

We used hydraulic vulnerability to cavitation data from Choat et al. (2012) because it was a recent synthesis of data from the literature and had xylem ψ50 values for six of our eight study species (i.e., Pinus contorta, Picea engelmannia, Abies laziocarpa, Abies concolor, Pinus ponderosa, and Pinus edulis). ψ50 is the point along the hydraulic vulnerability to cavitation curve at which the plant has lost fifty percent of its hydraulic conductance capacity. ψ50 was used since it has been shown to integrate other wood metrics that were hard to find for our study species, such as conduit diameter (Pratt and Jacobsen, 2017).



Statistical and Data Analyses

The comparison of Stem-PC to Stem-CVD sample types was facilitated by calculating a Δstem in per mill for both Hydrogen and Oxygen as shown in Equation (2), where δStem−PC and δStem−CVD would both be the δ2H values for Stem-PC and Stem-CVD from the same individual to calculate a Δ2H for that individual tree. Directionality of subtraction was chosen to compare Δstem values from the δ data with water content data similar to Chen et al. (2020). In addition, mean Δstem values for each isotope (2H and 18O) were calculated for each species, location, and overall.

[image: image]

Control samples (see PC water extraction section above) taken on each day of sampling were compared to the original tap water sample by doing similar subtraction as shown in Equation (3), where δtapwater was the known stable water isotopic signature (δ2H = −128 ‰, δ18O = −17.2 ‰) of tap water from the University of Wyoming campus and δcontrol was the respective isotopic ratio value, δ2H or δ18O, of each control (δcontrol). Due to a glass tube breaking during CVD extraction of one control sample, only five of the six control samples were used. Mean Δcontrol values in per mill for each isotope (2H and 18O) were calculated to compare to mean Δstem values.

[image: image]

In addition to using control samples to investigate effects of evaporative enrichment for Stem-PC samples compared to Stem-CVD samples, we calculated a line-conditioned excess (lc-excess) in per mill for each sample to test for evaporative enrichment from the relative distance in dual isotope space away from the local meteoric water line (LMWL) (Landwehr and Coplen, 2006). Lc-excess for each sample was calculated with Equation (4) by using the LMWL for the region reported by Mercer et al. (2020). Linear regressions with isotopic ratio values of plant water (i.e., δ2H ~ δ18O) were performed for each sample type (e.g., Stem-PC, Stem-CVD, Trunk-CVD) to determine presence of significant correlations (p < 0.05) and compare slopes and intercepts to those of the LMWL.
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Plant xylem water stable isotope data (δ2H, δ18O, and lc-excess) were tested for normality using quantile-quantile plots, density plots, and the Shapiro-Wilk normality test (Shapiro and Wilk, 1965; Ghasemi and Zahediasl, 2012). Plant xylem water stable isotope data were non-normally distributed for δ2H, δ18O, and lc-excess values. Therefore, three non-parametric Kruskal-Wallis tests [one-way analysis of variance on ranks (ANOVA)] were used to determine if the population of medians for each sample type (i.e., Stem-PC, Stem-CVD, and Trunk-CVD) were statistically similar for δ2H, δ18O, and lc-excess values (Kruskal and Wallis, 1952). Afterwards, a Dunn's test for each Kruskal-Wallis test was performed using the Benjamini-Hochberg adjustment to control false discovery rates and adjust p-values for determining if the sample types represented significantly different pools of water from the plants xylems (p ≤ 0.05) (Dunn, 1964; Benjamini and Hochberg, 1995). There was a bimodal distribution of plant xylem water stable isotope data reflecting the two locations (i.e., Campus and Med Bow), but we could not test the effects of location and/or species with sample-type due to the Kruskal-Wallis test only permitting one independent variable.

The Δ2Hstem and Δ18Ostem values were tested for normality using the same methods applied to plant water isotope data and were found to be normal. Linear regressions were used to determine if there were significant relationships (p ≤ 0.05) between either water content in stems, RP content for species, or ψ50 for species and the Δ2Hstem and Δ18Ostem values per individual tree. Additional linear regressions were used to determine if there was a significant relationship (p ≤ 0.05) between ψ50 for species and the mean Δ2Hstem or Δ18Ostem values per species. Lastly, linear regressions were used to determine if the covariation of H and O isotopes recovered by different methods had a significant relationship.

Data analyses were conducted using the statistical software R v. 4.0.3 (R Core Team, 2020). Data manipulation, summarization, and visualization were performed with the tidyverse package (Wickham et al., 2019). Density plots and quantile-quantile plots were constructed with the ggpubr package (Kassambara, 2020). Shapiro-Wilks normality tests, non-parametric Kruskal-Wallis tests, and Dunn's tests were performed using the rstatix package (Kassambara, 2021). Linear regressions were performed with the stats package (R Core Team, 2020). All code and data is available in online repository (Bowers, 2022).




RESULTS

Table 1 summarizes the descriptive statistics of plant water stable isotope data for each species by sample type. The plant water stable isotope data is presented in dual isotope space in Figure 3 as well as by three boxplots for δ2H, δ18O, and lc-excess separated by sample type and species in Figure 4. Δ2Hstem and Δ18Ostem values for each species are depicted in Figure 5 and summary statistics are detailed in Table 2. By location, Med Bow trees had a mean Δ2Hstem value of −12.6 ‰ and a standard deviation of 3.6 ‰ which was comparable to the mean Δ2Hstem value of −11.9 ‰ and standard deviation of 2.8 ‰ of Campus trees. Med Bow trees had a mean Δ18Ostem value of −1.53 ‰ and standard deviation of 0.71 ‰, and Campus trees had a mean Δ18Ostem value of −1.21 ‰ and standard deviation of 0.65 ‰. These Δ2Hstem and Δ18Ostem values for both sampling locations were greater than the mean and standard deviations of Δcontrol values, which were −1 ± 2.5 ‰ for mean and standard deviation of Δ2Hcontrol and −0.82 ± 0.72 ‰ for mean and standard deviation of Δ18Ocontrol.


Table 1. Summary table of mean δ2H, δ18O, and lc-excess values and standard deviation (sd) of δ2H, δ18O, and lc-excess values separated by sample type and species.
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FIGURE 3. All stem xylem water stable isotope samples (n = 48) in dual isotope space (δ2H and δ18O). Sample type and sampling location are denoted by fill and shape, respectively: Stem-PC (no fill), Stem-CVD (gray fill), Med Bow (circles), and Campus (triangles). Plot includes the LMWL (black solid line) and two additional data points of tap water sample (purple “T”) used for controls and the mean for control samples (purple “C”). Significant positive relationships were found between δ2H and δ18O for each sample type with trend lines included in plot: Stem-PC linear model (dotted black line) and Stem- CVD linear model (dashed gray line) (see end of results section for formulas).



[image: Figure 4]
FIGURE 4. Boxplots of plant water stable isotope data separated by sample type and species: (A) δ2H, (B) δ18O, and (C) lc-excess. Gray bars in center of plots help visually separate samples by location.



[image: Figure 5]
FIGURE 5. (A) Δ2Hstem and (B) Δ18Ostem column plots for each species with n = 3 per species. Plot panels share the same x-axis and legend.



Table 2. Summary statistics of Δ2Hstem, Δ18Ostem, water content values as well as values of ray parenchyma content (RP) and ψ50 from literature for each species (see wood metrics section of methods for literature sources).

[image: Table 2]


ANOVAs of Sample Types

All pairwise comparisons are reported in Table 3. For δ2H data, Stem-PC samples were significantly different from both Stem-CVD samples (p = 0.012) and Trunk-CVD samples (p = 0.012). For δ18O data, Stem-PC samples were significantly different from Stem-CVD samples (p = 0.028), but Stem-PC were not significantly different from Trunk-CVD samples (p = 0.051). A different pattern arose for lc-excess data with Stem-PC and Stem-CVD samples not significantly different from one another (p = 0.18), but both significantly different from Trunk-CVD samples in their respective pairwise comparisons (p = 0.001 and 0.037, respectively). Trunk-CVD samples had the lowest mean value of lc-excess for all sample types and across both locations with a mean and standard deviation of −15.3 ± 2.1 ‰ compared to Stem-PC and Stem-CVD (−11.9 ± 4.0 ‰ and −13.4 ± 3.0 ‰ mean and standard deviation, respectively).


Table 3. Summary table of results from Dunn's test of Kruskal-Wallace ANOVA test with adjusted p-values using the Benjamini-Hochberg adjustment method.
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Linear Regressions

Water content of stems had a significant positive relationship with Δ2Hstem values (y = 0.3252x – 28.21, R2 = 0.17, p = 0.048), but there was no significant relationship with Δ18Ostem values (p = 0.092) even though the trend direction was similar (Figure 6). We analyzed the Δstem and ψ50 data in two different ways with either Δstem values from each tree or mean Δstem values for each species. There was not a significant relationship between either Δ2Hstem values (p = 0.056) or Δ18Ostem values (p = 0.25) and ψ50 values for each species. However, there was a significant positive relationship (y = 1.56x – 6.27, R2 = 0.73, p = 0.030) of mean Δ2Hstem for each species (n = 3 individuals/species) and ψ50 values for each species (Figure 7). Mean Δ18Ostem values and ψ50 values did not have a significant relationship (p = 0.16). Finally, there was not a significant relationship between RP and either the Δ2Hstem values (p = 0.28) or Δ18Ostem values (p = 0.47) for each individual tree that had RP species data available. There was a significant positive relationship between Δ2Hstem and Δ18Ostem for each individual tree (y = 3.91x – 6.92, R2 = 0.76, p = <0.001) (Figure 8).


[image: Figure 6]
FIGURE 6. (A) Δ2Hstem and (B) Δ18Ostem vs. relative water content of stems [(g water/g dry mass) × 100]. Relative water content of stems had a significant positive relationship with Δ2Hstem values (y = 0.3252x – 28.21, p = 0.048, R2 = 0.17), but not with Δ18Ostem values (p = 0.092) which also had a similar positive trend in data. Plot panels share the same x-axis and legend. Points shapes are different for each species with filled in point shapes from the Med Bow location and remaining point shapes from the Campus location.
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FIGURE 7. Significant positive relationship (p = 0.030, R2 = 0.73) of mean Δ2Hstem for each species (n = 3 individuals/species) and ψ50 values for each species from Choat et al. (2012). Points shapes are different for each species with filled in point shapes from the Med Bow location and remaining point shapes from the Campus location.
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FIGURE 8. Significant positive relationship between Δ2Hstem and Δ18Ostem for each individual tree (y = 3.91x – 6.92, p = <0.001, R2 = 0.76). Points shapes are different for each species with filled in point shapes from the Med Bow location and remaining point shapes from the Campus location.


Linear regressions between δ2H and δ18O for each sample type all had a significant relationship. δ2H and δ18O for Stem-PC had a linear model of δ2H = 7.27 x δ18O −12.29 (R2 = 0.95, p < 0.00001) (Figure 3). δ2H and δ18O for Stem-CVD had a linear model of δ2H = 7.26 × δ18O −14.87 (R2 = 0.98, p < 0.00001) (Figure 3). δ2H and δ18O for Trunk-CVD had a linear model of δ2H = 7.47 × δ18O −13.48 (R2 = 0.98, p < 0.00001).




DISCUSSION

Our study with conifers native to the Central Rocky Mountains of North America demonstrates that total plant xylem water can be incompletely mixed isotopically. Additionally, the different pools of water recovered from the same stems of trees by the two extraction methods in our study (e.g., PC and CVD) had significantly different isotopic ratio values based on our ANOVA results (Table 3; Figure 4). These differences in the isotopic value of stem water extracted using CVD and PC methods were significantly related to species-specific wood metrics; Δ2Hstem as a function of water content of stems (p = 0.048, R2 = 0.17) and species mean Δ2Hstem as a function of species ψ50 values from the literature (p = 0.030, R2 = 0.73). Furthermore, we are confident that our observations were not influenced by potential methodological artifacts since the control samples used to verify the method demonstrated minimal difference to the known reference water used (Δcontrol values) while also being smaller than the difference in isotopic ratio values between extraction methods (Δstem values).

Previous comparisons of the PC and CVD xylem water extraction methods for analysis of stable isotope values has been limited, but the majority of published work found patterns comparable to ours suggesting isotopically distinct plant water pools are accessed by the two methods (Ellsworth and Williams, 2007; Zuecco et al., 2020). Conversely, Geißler et al. (2019) did not find a significant difference between six stem water samples of Acacia mellifera shrubs extracted by the PC and CVD methods, but they only compared δ18O data between extraction methods. Furthermore, while the PC method employed in the Geißler et al. (2019) study was similar to our protocol, a description of the plant tissues used for the CVD extraction was not provided, which has been shown to be an important criteria for comparisons (Zhao et al., 2016; Zuecco et al., 2020). Our study was unique from past studies in that we had a direct comparison for both extraction methods of xylem tissue from the same stems of individual trees in composite samples. We are confident that our samples had minimal contributions of co-extracted organic compounds because our samples were visibly clear. The presence of organic compounds is particularly of interest when analyzing water samples with laser-based spectroscopy methods as organic compounds have been shown to affect isotopic values (Brian Leen et al., 2012; Millar et al., 2018), but we analyzed all our samples with IRMS to reduce the possibility of these effects. Interestingly, Barbeta et al. (2022) recently highlighted that similar results can be produced from both laser-based spectroscopy and IRMS methods when analyzing differences between bulk stem water and sap water. With respect to our data, we are confident that Stem-PC samples had minimal contributions from phloem water because the phloem was removed near the collection surface during PC extractions and the samples were visibly clear with the lowest average lc-excess values of all sample types for each species (Table 1). Together with our low average Δcontrol values and the slope of linear model of Stem-PC samples being similar to the LMWL, these low lc-excess values support that our Stem-PC samples were influenced minimally by evaporative enrichment during extractions and transport from field.

In addition to tissue type sampled for CVD, the other nuances of source water and internal plant storage may provide some insight to the differences between our results and those of Geißler et al. (2019). The Geißler et al. (2019) study species was a shrub and their site received precipitation primarily as rain which likely has a smaller range in isotopic values throughout the year compared to the range in isotopic values of snow and rain at our study sites. Therefore, compared to our study sites and species, Geißler et al. (2019) may have had a reduced range of isotopic values of their root water sources and a smaller reservoir of internal storage which collectively affected the observed differences in isotopic value of water recovered by PC and CVD. We did not take precipitation samples in this study, but our Stem-PC isotopic values more closely resembled summer rainfall for the region whereas the Stem-CVD and Trunk-CVD isotopic values resembled a mixture of recent rainwater and of snowmelt for the region (Mercer et al., 2020; Miller et al., 2021). This suggests that the trees in our study may be filling internal storage reservoirs within their complex woody tissue when soil conditions are favorable after snowmelt. Then, some of this storage later contributes to transpiration and subsequently is refilled depending on future climate and soil moisture conditions. A fluctuating tree water storage and variable contribution of tree water storage to transpiration has been documented to be species-specific with Red Maple and Red Oak (Matheny et al., 2015). Aside from some of the differences with a previous study that used the PC method, our observations are consistent with previous work showing that total plant xylem water recovered using CVD had more depleted δ2H values than that of transpiration-stream xylem water (Chen et al., 2020), but as highlighted above the range in source water could be important to consider in this context as well as the size of the tree in regards to internal storage.

Other work has highlighted differences in δ2H of xylem water in the context of fractionation during root water uptake (Lin and da SL Sternberg, 1993; Ellsworth and Williams, 2007; Zhao et al., 2016; Barbeta et al., 2019), during plant water storage via organic hydrogen exchange (Millar et al., 2018), during extraction by CVD (Chen et al., 2020), and from aquaporin- or surface-mediated isotopic heterogeneity within complex woody tissue (Zhao et al., 2016; Barbeta et al., 2020, 2022). In regards to fractionation during root water uptake, it is hard to directly compare our study results since our study design focused on possible heterogeneity within the xylem of multiple plants (i.e., transpiration-stream water compared to bulk xylem water) and source waters were not sampled. Whereas, most studies focusing on possible root water fractionation included bulk stem water compared to a source water. Therefore, if we assume our Stem-PC samples are representative of source water, then we can cautiously consider the differences observed in root water uptake fractionation studies and how they relate to our Δstem values. With this is mind, significant differences in δ2H of bulk xylem water extracted via CVD compared to source water have been repeatedly documented and often associated with salt and drought tolerant species (Lin and da SL Sternberg, 1993; Ellsworth and Williams, 2007; Zhao et al., 2016; Poca et al., 2019). However, while many of these studies found differences in δ18O of bulk xylem water extracted via CVD compared to source water, most of the time these differences were not significant (Lin and da SL Sternberg, 1993; Zhao et al., 2016). Ellsworth and Williams (2007) found a significant difference in δ18O of bulk xylem stem water and source water for P. velutina plants, but these differences were attributed to evaporation from the stem of immature saplings with incompletely suberized stems. Poca et al. (2019) only found significant differences in δ18O for their arbuscular mycorrhizal treatment plants. Barbeta et al. (2019) found that xylem δ18O could be explained by a mixture of source water isotopic signatures but xylem δ2H was more depleted than any possible source. However, they did find an interesting relationship where more dominant trees had more depleted xylem water than non-dominant trees for both δ18O and δ2H (Barbeta et al., 2019). Out of the many tissue types sampled, Zhao et al. (2016) found that only core samples near the ground had significantly different δ18O values compared to the primary source of groundwater. Barbeta et al. (2020) found offsets between soil and plant water for both isotopes but their Δ18O were not always significant even though they were proportional to Δ2H. Furthermore, their results supported that the differences were not from fractionation at the root-soil interface, but rather from either isotopic heterogeneities in soil pores or within complex woody tissue (Barbeta et al., 2020). This explanation has been supported further by a similar study that included sap water extracted with a novel cavitron method (Barbeta et al., 2022).

In regards to exchangeable organic hydrogens or potential CVD artifacts, Millar et al. (2018) found that both CVD versions, one following a low temperature protocol (Orlowski et al., 2013) and another following a high temperature protocol (Koeniger et al., 2011), recovered water that was depleted in 2H relative to the other extraction methods. Millar et al. (2018) concluded that this was likely because the bulk water accessed by CVD contains a small proportion of water that had exchanged hydrogens with plant organic compounds before extraction. However, more recent work by Chen et al. (2020) presented this hydrogen exchange as a unique effect imparted on the plant water during the CVD extraction because the δ2H changes during the evaporative extraction process unlike other non-evaporative extraction methods, effectively changing the exchange rate of hydrogens during extraction. The effect of the fractionation is also proposed to be increasingly buffered with increasing stem water content prior to extraction. Chen et al. (2020) supported this hypothesis with a steady-state transpiration chamber experiment and subsequent rehydration experiment of stem samples where their δ2H offset values (similar to our Δ2Hstem values) for each experiment had a significant positive relationship with stem water content. While our Δ2Hstem values have a similar positive relationship with stem water content (Figure 6), our results differ from theirs in that we found more pronounced differences with δ18O values (i.e., Δ18Ostem values) between extraction methods and a similar trend in Δ18Ostem values and stem water content. Recent work by Barbeta et al. (2022) presented a similar positive relationship with their Δ2H offset values and stem relative water content and like ours, it was greater in magnitude compared to Chen et al. (2020), but also greater in magnitude compared to ours (slopes: 0.144 vs. 0.325 vs. 0.745). However, our relationship explained the least amount of data (R2 = 0.17) compared to previous relationships that had higher R2 values. Additionally, we found a significant positive relationship between Δ2Hstem and Δ18Ostem values among all trees sampled (Figure 8), demonstrating a covariation of H and O isotopes between extraction methods which would not be predicted from H exchange with organic compounds during CVD. Therefore, our greater slope and covariation of H and O isotopes compared to previous work suggests there could be other or additional mechanisms affecting the Δstem values than the proposed CVD artifacts (Barbeta et al., 2022), such as incomplete mixing of total plant xylem water, since both isotopes presented significant differences. An additional rehydration experiment similar to previous work would help further confirm that additional mechanisms to the proposed CVD artifacts may be affecting the Δ2Hstem values (Barbeta et al., 2022) and we encourage future studies using the PC method to implement such an experiment. Granted, we cannot confirm that the water recovered by the PC method in our study is exclusively representative of transpiration-stream water, more specifically the water under suction by the primary conduit flow network on its way from roots to leaves prior to sampling (Venturas et al., 2017). Previous work comparing isotopic composition of transpiration-stream water to bulk xylem water has included an independent verification with a controlled experiment and known source waters (Chen et al., 2020; Barbeta et al., 2022). Our goal was primarily to assess presence of isotopic heterogeneity in mature trees and whether it related to xylem vulnerability and anatomical properties. Moving forward it will be necessary to conduct a controlled experiment with the PC method to confirm its ability to recover primarily transpiration-stream water. The future controlled experiment could consider including a paired use of a steady-state chamber like that of Chen et al. (2020) and Stem-PC samples like in our study. Another option could include using cryogenic scanning electron microscopy as well as X-ray computed microtomography imaging before and after using the PC method (Yazaki et al., 2020). Each of these options could improve our understanding of the mechanisms at play as well as potentially validate the more cost effective and field-site friendly PC method.


Correlations With Wood Metrics

We demonstrate that the differences in isotopic ratio values between extraction methods (Δstem values) are related to species-specific wood anatomical metrics that support previous hypotheses of variable residence time and incomplete mixing of water in complex woody tissue (Knighton et al., 2020). The significant positive relationship (p = 0.030, R2 = 0.73) of mean Δ2Hstem for each species (n = 3 individuals/species) and ψ50 values for each species (Figure 7) is particularly notable in this context. The species less vulnerable to cavitation (lower ψ50) may possess incompletely mixed xylem conduit flow networks compared to their more vulnerable counterparts. We propose that this is because the taxa that have lower ψ50 may be able to maintain adequate hydraulic function with some cavitated conduits creating xylem regions with poor connectivity to downstream or neighboring tracheary elements in the transpiration-stream. The significant positive relationship between stem water content and Δ2Hstem values (Figure 6) could be simply related to the amount of exchangeable hydrogens which happens to support both the proposed isotopic heterogeneity of xylem water and the proposed CVD artifacts that are currently hard to separate from one another as mentioned by recent work (Barbeta et al., 2022). Alternatively, we hypothesize that xylem anatomical properties (i.e., xylem density, conduit density, mean and/or range of conduit diameters, pit membrane density) are playing a role in this relationship that we are not able to disentangle with our dataset.

While our dataset was limited, the role of parenchyma content in affecting presence of multiple plant water pools with distinct isotopic ratio values cannot be fully ruled out since parenchyma content in gymnosperms is a much lower fraction than in angiosperms (Morris et al., 2016b; Pratt and Jacobsen, 2017). Recent work has supported this with two angiosperms species having significantly greater Δ2H compared to a gymnosperm species (Barbeta et al., 2022). Future work should consider using more direct measurements of ray and axial parenchyma content, conduit diameters, inter-conduit pit density as well as xylem vulnerability to cavitation of sampled trees for direct comparisons and evaluations. We acknowledge that ψ50 is an arbitrary parameter; there are many efforts to examine the functional significance of other points along the vulnerability curve (i.e., ψ88) as well as the slope of the curve and the methods used to produce a curve (Venturas et al., 2017). All of these xylem anatomical and physiological properties could be important as we seek to understand the mechanism(s) causing differences in isotopic composition of transpiration-stream xylem water and bulk xylem water. Once the mechanism(s) causing differences become(s) more fully understood, then stable isotopes as a tool could inform our overall understanding of the functional and structural tradeoffs of xylem anatomy.



Isotopic Heterogeneity of Xylem Water

As mentioned previously, our data suggest that within-stem isotopic heterogeneity (as proposed by Zhao et al., 2016; Barbeta et al., 2019) is responsible, at least in part if not fully, for the significant Δ2Hstem and Δ18Ostem values observed, but CVD artifacts (as proposed by Chen et al., 2020) cannot be excluded as contributing to the observed Δ2Hstem offsets. Thus far, isotopic heterogeneity of xylem water has focused on either incomplete mixing and variable residence times of xylem water or fractionation during transportation and/or storage of water within complex woody tissue compartments, including the water associated with cell walls and fibers (Zhao et al., 2016; Barbeta et al., 2019, 2020, 2022). Regarding incomplete mixing and variable residence times of xylem water, discussions have mainly centered on poor connectivity between capillary xylem water in dead conducting cells and living symplastic cells. However, since our offsets were correlated with ψ50 and a covariation of both isotopes was observed, we propose that there could also be incomplete mixing and variable residence times within dead conduit cells in the context of the isotopic heterogeneity hypothesis. This includes water in the tapered end of cavitated conduits (Yazaki et al., 2020) and we propose it also includes water in smaller conduits that may be inaccessible by the PC method. In fact, when attempting to use the PC method on Quercus macrocarpa specimens on Campus, we had limited success in retrieving water beyond the largest vessels because once evacuated the large vessels became the path of least resistance for the pressurized gas which effectively reduced the applied pressure to remaining filled conduits (data not shown). The gymnosperms used in this study did not present this observable issue during extraction via PC most likely due to their lack of vessels. Recent work has also shown that not all tracheary elements capable of conducting water in an excised stem participate in conducting water in vivo (Bouda et al., 2019). Therefore, differences observed in both isotopes could reflect different timing of replenishment or turnover between conduits. It is worth noting here that Barbeta et al. (2022) found significant differences between δ18O and δ2H of sap water and bulk xylem water for their field samples that would support this proposition. Our results suggest that studies aiming to identify the isotopic signature of transpiration-stream water need to consider the presence of multiple plant water domains with variable residence times in complex woody tissue that can be impacted by species-specific wood metrics and site-specific seasonal variability in the isotopic composition of precipitation.
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