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Internal water storage within trees can be a critical reservoir that helps trees overcome both short- and long-duration environmental stresses. We monitored changes in internal tree water storage in a ponderosa pine on daily and seasonal scales using moisture probes, a dendrometer, and time-lapse electrical resistivity imaging (ERI). These data were used to investigate how patterns of in-tree water storage are affected by changes in sapflow rates, soil moisture, and meteorologic factors such as vapor pressure deficit. Measurements of xylem fluid electrical conductivity were constant in the early growing season while inverted sapwood electrical conductivity steadily increased, suggesting that increases in sapwood electrical conductivity did not result from an increase in xylem fluid electrical conductivity. Seasonal increases in stem electrical conductivity corresponded with seasonal increases in trunk diameter, suggesting that increased electrical conductivity may result from new growth. On the daily scale, changes in inverted sapwood electrical conductivity correspond to changes in sapwood moisture. Wavelet analyses indicated that lag times between inverted electrical conductivity and sapflow increased after storm events, suggesting that as soils wetted, reliance on internal water storage decreased, as did the time required to refill daily deficits in internal water storage. We found short time lags between sapflow and inverted electrical conductivity with dry conditions, when ponderosa pine are known to reduce stomatal conductance to avoid xylem cavitation. A decrease in diel amplitudes of inverted sapwood electrical conductivity during dry periods suggest that the ponderosa pine relied on internal water storage to supplement transpiration demands, but as drought conditions progressed, tree water storage contributions to transpiration decreased. Time-lapse ERI- and wavelet-analysis results highlight the important role internal tree water storage plays in supporting transpiration throughout a day and during periods of declining subsurface moisture.
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INTRODUCTION

Water potential gradients between the subsurface and the atmosphere control transpiration rates; however, there are physiological mechanisms, such as the use of internal water storage, which trees can use to modify water potential gradients. Water stored internally within a tree is a critical reservoir to avoid consequences of dehydration (Lo Gullo and Salleo, 1992; Cermák et al., 2007; Matheny et al., 2015; Wang et al., 2019), buffer against hydraulic conductivity loss in the xylem and prevent cavitation, and maximize photosynthesis when transpiration exceeds soil water uptake (Zweifel et al., 2005; Verbeeck et al., 2007b). Water can be stored intracellularly within tree tissues or extracellularly under capillary forces in the void spaces between sapwood tissues (Holbrook, 1995). While the contribution of intracellular tree stores to daily water use may be small (<1%) (Cermák et al., 2007), extracellular stores can represent a substantial fraction of daily water use (Tyree and Yang, 1990; Meinzer et al., 2006). The contribution of tree water storage to daily transpiration varies widely across different tree species and ecosystems, ranging from 10 to 50% (Phillips et al., 2003; Cermák et al., 2007), and is not constant from day to day (e.g., Loustau et al., 1996; Zweifel et al., 2005; Verbeeck et al., 2007c). The volume of stored water and reliance on these stores is known to vary with tree size and physiological properties, such as wood density, drought tolerance, and stomatal hydraulic strategy (e.g., isohydric or anisohydric) (Köcher et al., 2013; Matheny et al., 2015). Multiple environmental controls influence tree water storage at any given time—e.g., soil moisture, groundwater elevation, temperature, vapor pressure deficit (VPD), solar radiation— but, which controls have the largest influence has been challenging to isolate. Consequently, given the number of physiologic and environmental factors that can influence the degree to which a tree relies on stored water, it is not surprising that the temporal variability in transpiration and the role tree storage plays in buffering variability in evaporative demand is a current topic of interest (Hartzell et al., 2017; Kaner et al., 2020). Given the inclusion of increasingly complex hydrodynamic processes in tree-level models (e.g., Bohrer et al., 2005; Mirfenderesgi et al., 2016; Huang et al., 2017) there is increased demand for field techniques that can measure (at high spatial and temporal resolutions) the pathways and mechanism driving tree water uptake and transport. Transpiration estimates in many hydrologic models are often guided by empirical relations (e.g., Jarvis et al., 1976; Feddes et al., 2001) that link stomatal conductance directly and instantaneously to measurements of shallow subsurface moisture and VPD, ignoring the role of other variables such as tree water storage (Mirfenderesgi et al., 2016). This model simplification can misrepresent transpiration dynamics at sub-daily time scales because internal water storage can buffer variability in transpiration induced by decreasing subsurface water availability and/or increasing evaporative demand (Matheny et al., 2014; Mirfenderesgi et al., 2016).

The relation between evaporative demand and stomatal conductance has been described by several researchers (e.g., Jarvis and Mcnaughton, 1986; Meinzer, 1993; Ewers et al., 2005; Bunce, 2006); however, the importance of sapwood hydraulic capacity and its potential influence on water potential gradients, which drive changes in stomatal conductance, have received relatively little attention. Several studies have observed a time lag between sapflow measured at the base of a tree and transpiration in the canopy (Landsberg et al., 1976; Goldstein et al., 1998; Phillips et al., 1999; O'Brien et al., 2004); because of internal water storage, transpiration in the canopy can start several minutes to hours before water starts to flow at the base of the stem (Schulze et al., 1985; Steppe and Lemeur, 2004). Longer time lags have been observed in larger trees with greater storage capacity (e.g., Goldstein et al., 1998), but as capacitance in stems decreases, lag times decrease as steepening water potential gradients between the canopy and base of the stem are not abated by water released from storage (McCulloh et al., 2019).

Tree water storage remains a challenging variable to estimate in the field (Burgess and Dawson, 2008; Phillips et al., 2009; McCulloh et al., 2019). It seems likely that some of the observed variability in volume of water contributed from internal storage to transpiration may result from the different field techniques that have been employed to measure changes in tree water storage. Internal tree water storage has been measured by tree coring (Borchert, 1994; Scholz et al., 2007), digital dendrometers (Köcher et al., 2013; Cocozza et al., 2015), networks of sapflux sensors (Goldstein et al., 1998; Phillips et al., 2009), and time-domain and frequency-domain reflectometry (TDR and FDR) (Wullschleger et al., 1996; Matheny et al., 2015). Each method has unique measurement sensitivities and support volumes, as well as advantages and disadvantages; however, a common weakness that applies to each of these methods, with the exception of the dendrometer, is that measurements are made at a point within the tree. Consequently, there has been increasing interest in electrical resistivity imaging (ERI) to explore the internal properties of trees (Al Hagrey, 2007; Bieker and Rust, 2010; Lin et al., 2012; Guyot et al., 2013; Wang et al., 2016; Benson et al., 2019). ERI is a non-destructive measurement technique that images spatial and temporal variations in bulk electrical conductivity (the reciprocal of bulk electrical resistivity)—a property that can be linked to water moisture inside a tree (e.g., Ganthaler et al., 2019; Carrière et al., 2020). Electrical impedance tomography has also been used successfully to explore the internal properties of trees (e.g., Martin, 2012; Martin et al., 2015; Kessouri et al., 2019). Mares et al. (2016) used ERI to map diel cycles in bulk electrical conductivity in a tree trunk, potentially caused by the emptying and refilling of stored water within the tree; Luo et al. (2020) expanded on this work by developing an empirical electrical conductivity-based method to estimate stem water content. However, quantitatively estimating tree moisture content with ERI is challenging because the relation between electrical conductivity and moisture content is influenced by variables such as temperature, solute concentration, and material properties (e.g., Day-Lewis et al., 2005; Garré et al., 2013; Luo et al., 2019). In a tree, the measured electrical conductivity may also be sensitive to cell structure, which varies among tree species and is distinctly different in hard vs. soft woods (Repo, 1988; Al Hagrey, 2007; Luo et al., 2019). While trunk electrical conductivity is likely most sensitive to changes in moisture and temperature (e.g., Ganthaler et al., 2019; Luo et al., 2019), the influence of changes in ionic concentrations in the trunk is unknown because measurements of sapwood concentration are difficult to collect in most species due to the tension under which xylem water is held.

In this work, we look to quantify and isolate environmental and physiological controls of internal tree moisture with ERI by collecting these data with multiple corroboratory in-tree measurements, including moisture via FDR, sapflow, a dendrometer, and xylem fluid electrical conductivity, as well as properties of the soil and micrometeorology. We explore time lags among these datasets to infer processes; time lags have previously been used to determine which meteorological variable (e.g., solar radiation, temperature, or VPD) has the strongest influence on sapflow at sub-daily to seasonal timescales (Phillips et al., 1999; Sevanto et al., 2002; Oguntunde, 2005; Hong et al., 2019; Zhang et al., 2019). These studies used cross-correlation to determine the time lag between sapflow and a meteorologic variable. Cross-correlation analyses can be limited because they require stationarity and the frequency of interest (i.e., daily frequencies) is not isolated, thus lags calculated at the frequency of interest can be influenced by other frequency components. More often than not, hydrologic and ecologic data are not stationary due to the influence of episodic events and seasonal trends. Here, we use wavelet analysis—a tool used to characterize the frequency content of a signal as a function of time—which offers three main advantages over cross-correlation analyses: (1) episodic data and seasonal trends can be included because stationarity is not a requirement, (2) correlations can be isolated to specific frequencies associated with controlling processes, and (3) correlations can be confined to certain temporal windows, when the controlling processes are in effect. Because of these advantages relative to conventional spectral analysis and cross correlation, wavelet techniques have been applied to a number of questions in hydrology (Henderson et al., 2009; Pidlisecky and Knight, 2011; Yu and Lin, 2015; Arora et al., 2016; Wallace et al., 2019). To the best of our knowledge, wavelet analysis has not been utilized to explore temporal relations between transpiration and subsurface and tree water stores. Ultimately, we look to show that ERI measurements of internal tree moisture, in conjunction with corroboratory measurements and time-series data exploration techniques, can link tree water-storage patterns with environmental and physiological drivers.



FIELD SITE

Data were collected on and in the proximity of a ponderosa pine (Pinus ponderosa) tree located on south-facing aspect (40°0′45.259″N, 105°27′41.914″W) of the Gordon Gulch watershed within the Boulder Creek Critical Zone Observatory (BCCZO), which lies within the Arapahoe National Forest in the Colorado Front Range, Colorado, USA (Figure 1A). Ponderosa pine are known to have deep sapwood, which increases bole storage capacities (Domec et al., 2005). The Gordon Gulch watershed is 2.6 km2, ranges in elevation from 2,435 to 2,732 m, and lies within a montane climatic zone. Average annual precipitation is ~530 mm with ~40% falling as snow, 40% as rain, and the remaining 20% as a mix of the two (Cowie et al., 2017). The south-facing slopes of Gordon Gulch are dominated by ponderosa pines, while north-facing slopes are densely vegetated with lodgepole pine (Pinus contorta) (Figure 1A). In the lower reach of Gordon Gulch, the average stand density of ponderosa pine forest is ~600 trees/ha, which is equivalent to one tree within every 4 m2 (Mares et al., 2016). Soil depth was determined during our excavation of three soil pits surrounding the ponderosa pine and ranged from 30 to 40-cm (Figure 1B). The soils are characterized as typic haplustolls and vary in composition with depth (Mares et al., 2016). Soils are underlain by highly weathered rock that ranges from 5 to 7 m in depth (Befus et al., 2011). Depth to groundwater was not available near our study tree; however, three deep wells in the upper reach of Gordon Gulch have groundwater depths that range from 5 to 11 m below the ground surface, depending on the time of year and position along the hillslope.


[image: Figure 1]
FIGURE 1. (A) Map of the Gordon Gulch watershed with an aerial image of the location of our study tree (red dot). (B) A schematic of the study tree and the locations of the various instruments installed and pictures showing some of the instrumentation.




METHODS

To assess the relations between tree water storage and environmental factors, we collected a variety of data through time during the 2018 growing season, from June 1 to November 1. Soil moisture and meteorological data were measured to describe how environmental changes affected the hydraulic status of the ponderosa pine as inferred by a variety of in-tree measurements (Figure 1B). Dendrometer and ERI measurements were collected to estimate radial changes in tree moisture. To account for the effects of temperature on ERI measurements, temperature data were collected within a cross-section of the tree trunk. Two pine dowels with embedded thermistors were inserted into the north and south faces of the tree trunk 1 m above the ground surface (Figure 1B) such that a temperature profile through the trunk of the tree could be measured. Temperature measurements were made at 2, 10, 22, 26.5, 34, 38, 42, and 46 cm across the north to south profile (tree diameter = 47.5 cm at time of installation). Additionally, to account for the potential effects that changes in electrical fluid conductivity could have on ERI, we sampled the fluid electrical conductivity of water within sapwood cores of neighboring ponderosa pines through the growing season. A 3-D terrestrial laser scan of the ponderosa pine tree was conducted using Leica ScanStation C10 (https://w3.leica-geosystems.com/) to determine tree height (~13 m), maximum crown diameter (~6 m), and to precisely locate the positions where ERI electrodes were emplaced into the tree. The closest neighboring tree is 5 m southeast of the study tree.


Meteorological Data

Meteorological conditions have been continuously monitored since 2012 at two stations in Gordon Gulch (https://www.hydroshare.org/group/140). Relative humidity, air temperature, incoming shortwave radiation, and precipitation data, measured at 5-min intervals, were acquired from the south-facing meteorological station (Figure 1A). Meteorological conditions were also measured using a Decagon Microclimate Monitoring System (relative humidity, temperature, wind speed, precipitation, and incoming solar radiation) during the 2018 growing season in an open meadow ~70-m upslope of the study tree at 30-min frequency. Temperature and relative humidity were used to calculate VPD at both stations; however, the relative humidity sensor at the station immediately upslope of the study tree did not function correctly. Thus, VPD from the south-facing meteorological station was used in our analyses. Days with a daily mean VPD within the lowest 33% percentile of the VPD recorded over the study period were considered “low VPD” days, while days within the highest 33% percentile were considered “high VPD,” and days within the inner quantile were considered to have “intermediate VPD” conditions (Matheny et al., 2014); this partitioning of VPD days is used to parse periods of high evaporative demand from periods with little demand.



Soil Moisture Data

Soil volumetric water content (VWC) was measured at three locations around the study tree with METER ECH2O EC-5 sensors (https://www.metergroup.com/environment/products/ec-5-soil-moisture-sensor/). In soil moisture profiles one and three, sensors were installed at 10 and 30-cm depth. Profile one was located 3-m northwest of the study tree, while profile three was located 3-m to the southwest of the study tree. In profile two, which was located 1-m to the west of the study two sensors were installed at 20 and 40-cm depth. All sensors were installed in January 2018 and recorded data every 30 min until November 1. Soil sensors were not calibrated to the site-specific soil type because we were interested only in relative changes through time. The multiple linear regression technique developed by Cobos and Campbell (2007) was used to temperature correct soil VWC measurements.



Tree Electrical Conductivity Data

Dipole-dipole ERI surveys with a maximum spacing between current and potential electrodes using four electrodes were continuously recorded every 3 h from June 1 to November 1 using a Lippmann 4-point light 10 W resistivity meter (https://www.l-gm.de/en/en_resistivity.html). We attempted to collect data for an entire year during this study, but did run into power supply issues and increased contact resistances resulting from the tree trunk freezing during the wintertime. Stainless-steel wood screws (5 mm in diameter and 2.5 cm in length) were used as electrodes. Screws were driven 2 cm into the xylem of the study tree in June 2017, 1 year prior to our study period, to reduce the potential effects of the tree-healing response on electrical conductivity measurements. A total of 224 quadrupoles were measured in each ERI survey, which took ~0.5 h to collect. Sixteen electrodes were evenly spaced 7-cm apart and formed a level ring that encircled the trunk. Contact resistances between the screws and the tree were generally around 40 kΩ. Stacking errors, which is a measure the repeatability of an individual measurement, were <5% in 90% of the data collected. Twenty quadrupoles had large stacking errors (20%) throughout the study period and were consequently removed from the time-lapse ERI inversion analysis. Reciprocal errors are used to compare differences associated with the directionality of the measurement and are measured by switching the current and potential electrode pairs (Parsekian et al., 2017). By the principle of reciprocity, the measurements should be equal, thus any difference is considered to indicate a measurement error (Habberjam, 1967). Reciprocal measurements were acquired immediately after each ERI survey. The median reciprocal error for all surveys was 1.4% with a standard deviation of 15%. Reciprocal and stacking errors remained mostly constant through time, with the exception of: (1) a couple of days that corresponded to large storm events, which likely saturated the bark and changed the contact resistances, and (2) data collected after mid-September when noise levels in the ERI data increased drastically.

Resistances measured in each ERI survey were inverted using a code developed in COMSOL Multiphysics (Mares et al., 2016). The inversion is based on a regularized objective function combined with weighted least squares:
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The 2.5D inversion simulates current in 3D, but calculates 2D log10 resistivity distributions on a domain that is assumed to extend uniformly into the third dimension (e.g., Dey and Morrison, 1979). The m is the model vector of resistivities (inverse of electrical conductivities); d is the measured resistance data; Wd is the data-weighting matrix based on reciprocals of the measurement errors, where all values were considered equal in this case (e.g., all values in the data-weighting matrix were set to one); f(m) is the forward solution of the modeled resistances; Wm is the model-weighting matrix based on a second-derivative filter that acts as a smoother during minimization of the objective function; β is a tradeoff parameter that is modified upon each iteration during the optimization to balance the data misfit (first term on right-hand side of equation) and model smoothing (second term on the right-hand side of the equation); and mref is the starting model, which is homogenous (set at 500 Ωm—the average apparent resistivity of the surveys during the study period) in the temperature-correction inversions described in the following paragraph and inhomogeneous in time-lapse inversions. The inversion mesh was made of 518 triangular elements, which were further divided into four smaller triangular elements in the forward mesh for finer discretization of the forward problem. A model resolution matrix R was used to assess areas of the model that were well-constrained by the data, and was calculated after each inversion:
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where J is the Jacobian matrix which contains the sensitivities of the measurements with respect to the model parameters.

ERI data were corrected for temperature prior to the time-lapse inversions following Hayley et al. (2010) method, which suggests that before time-lapse inversion, each ERI survey should be inverted independently and the resulting electrical conductivity model corrected for temperature using an established relation between temperature and electrical conductivity. The forward solution of the temperature-corrected conductivity models can then be calculated, yielding the bulk apparent conductivity at the standard reference temperature (i.e., the temperature-corrected ERI data). Luo et al. (2019) investigated the relation between temperature changes in tree trunks and electrical conductivity and found that the relation can be accounted for using an exponential temperature correction model:

[image: image]

where σm is the inverted pixel conductivity at the measurement temperature (T), σref is the conductivity at a standard reference temperature (Tref), which was set to 25°C in this study, and α is a fitting parameter. A cross-sectional temperature profile of the tree trunk was estimated by linearly interpolating across the eight-temperature measurements. All pixel temperatures were extrapolated from the cross-sectional temperature profile. For the temperature-correction model, we assumed alpha was −0.034°C−1 as suggested by Luo et al. (2019) for sapwood in a living tree. The time-lapse inversions (e.g., the difference between mref and the inversion result at a later time) were then performed using the temperature-corrected data and the COMSOL Multiphysics code, and the mref was set to the temperature-corrected inversion result for June 1 at 0130 h, which was considered time zero.

To examine temporal trends in trunk bulk electrical conductivity, the median bulk electrical conductivity of each temperature-corrected inverse model was calculated; however, because the heartwood plays a minor role in diel and seasonal tree hydraulics relative to the sapwood (e.g., Cermák et al., 2007), we removed the estimated heartwood region from the median calculation. Six tree cores were extracted at the end of the field study to determine the location of the heartwood/sapwood boundary. An ellipse was fit to the six points to approximate the spatial extent of the heartwood for this purpose. Regions of the inverse models where the resolution was poor (i.e., within the lowest 25 percentile) were also removed from the median calculation; these regions largely overlapped with the heartwood. After removal of these regions, the median inverted electrical conductivity was interpolated to 30-min time steps using a spline function in Matlab so that all time-series data could be analyzed using a uniform timestep, which is required by the cross-wavelet code. In the following discussion, we refer to the interpolated median of the inverted sapwood electrical conductivity as the inverted sapwood electrical conductivity.



Other In-tree Measurements

A number of corroboratory measurements were made to interpret the inverted sapwood electrical conductivity. A METER TEROS 12 frequency-domain reflectometry sensor (https://www.metergroup.com/environment/products/teros-12/) was inserted into the xylem 2 m above the ground surface, which provided an indirect measure of VWC and measured temperature every 30 min. Few studies have employed FDR sensors for the purpose of measuring in-situ stem-water content. Existing examples include a few subtropical species (Holbrook et al., 1992; Oliva Carrasco et al., 2015) and deciduous trees with relatively high wood densities when compared to pine, e.g., a red maple (Matheny et al., 2015) and birch (Hao et al., 2013). To our knowledge, the only pine species that has been monitored with a FDR sensor is a white pine instrumented by Matheny et al. (2017); however, because the purpose of their study was to introduce a tree-specific protocol for calibrating and installing FDR sensors, detailed analysis of their field measurements were not presented. The TEROS 12 FDR sensor was not calibrated because we were interested in relative changes through time; VWC estimates using the default soils calibration are unlikely to be representative of the true VWC of the ponderosa pine's xylem. Given that lower-density trees like pines generally have a larger hydraulic capacitance (Oliva Carrasco et al., 2015) and isohydric species have been shown to be more reliant on stored water (Matheny et al., 2015), we expected to measure large, clear diel fluctuations in sapwood moisture in the ponderosa pine tree.

Heat-pulse ratio sapflow sensors (Burgess et al., 2001) were installed at 1.5 m above ground surface on the east and west sides of the study tree (Figure 1B), and data were recorded every 30 min. A METER digital dendrometer (https://www.metergroup.com/environment/#d6), which measures changes in the circumference of a trunk, was attached 50-cm above the electrode ring and collected data every 30 min. Variations in stem diameter result from: (1) irreversible radial stem growth and (2) reversible stem shrinking and swelling caused by dynamics in water storage (Zweifel et al., 2001; Oberhuber et al., 2020).

To determine if changes in ionic concentrations contribute to seasonal and diel changes in measured bulk electrical conductivities, xylem water was sampled by coring into the xylem of nearby ponderosa pines. Because coring is invasive, we avoided coring the study tree during the study period. To extract water from tree cores, the phloem and bark were removed from the cores and then water was squeezed out of the remaining cores using a 12-ton shop press. Squeezing may mobilize constituents that are not freely flowing within the xylem; however, squeezing provided the best practical proxy for changes in xylem osmolytes. Fluid electrical conductivity was subsequently measured from the extracted fluids using a Mettler Toledo benchtop electrical conductivity meter.



Wavelet Analysis

We used the continuous wavelet transform (CWT), the cross wavelet transform (XWT), and wavelet coherence (WTC) to transform pairs of time series (tree water storage vs. solar radiation, VPD, sapflow, and soil moisture (e.g., Figure 2A) into the time-frequency domain so that correlations between pairs can be (1) isolated to specific frequencies associated with controlling processes, and (2) confined to certain temporal windows, such as stormy periods (for more detail on cross wavelet transforms see Kumar and Foufoula-Georgiou, 1997; Torrence and Compo, 1998; Grinsted et al., 2004). In the CWT, a wavelet—a unit-energy signal localized in time and frequency—is scaled and dilated to identify frequency components of a dataset at a specific point in time (Figure 2B). This process identifies frequencies in the data that are driven by a reoccurring process. The CWT cannot simultaneously accomplish high resolution in both time and frequency because low-frequency components are resolved by stretching and downscaling wavelets, which leads to lower temporal resolution; conversely high-frequency components are identified by shrinking and scaling wavelets and thus are resolved well in time, but not in frequency (Torrence and Compo, 1998). At moderate frequencies (i.e., frequencies that are not near the frequency limits of the data set based on the measurement time step and length of the data collection period), the CWT can successfully localize time–frequency representations of time-series data, and thus can isolate non-stationary frequency patterns within time series. The frequencies of interest in this study (e.g., daily) fall within the moderate frequency range. The CWT of a time series is:
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where [image: image] is the transformed times series for scale s (e.g., 1.5 h to 32 days in this study), t is the uniform time step of the time-series data, n is an integer value used to shift the wavelet used (n = 1,. . .,N; where N the number of time steps), n′ is a reversed time shift (N,. . ., n = 1), and [image: image] is the original time-series data. In this study, the XWT and CWT deconstructed time series data into frequencies that ranged from 1.5 h to 32 days; however, we focus on the 1-day frequency to determine how tree water storage affects the diurnal pattern of water use. There are a number of wavelet functions (ψ0) that can be used in the CWT, each with advantages and disadvantages; for our purpose, the commonly applied Morlet wave was selected because the properties of the wavelet enable the separation of phase and amplitude components associated with a signal (Addison, 2018). The Morlet wavelet function is defined by:
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where ω0 is dimensionless frequency and η is dimensionless time, which depend on the measurement time step and data collection period, respectively. Phase information can be extracted using the Morlet CWT and the XWT, which is used to infer power between the two time series (here called X and Y) by multiplying the real portion of the CWT of X and the complex conjugate of the CWT of Y (e.g., Figure 2C):
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where WX is the real portion of the CWT of X and WY* is the complex conjugate of the CWT of Y and wavelet power is calculated by |WXY|2 (Figures 2B,C). This cross-wavelet power spectrum is important because it shows the temporal relations (e.g., phase offset) between two time series across different timescales.


[image: Figure 2]
FIGURE 2. An example of how to test for temporal relations using wavelet analysis, assuming two hypothetical time series, X and Y, that span June 1–July 31, 2018, where changes in X drive changes in Y. (A) X is the summation of a sine wave with a 1-day period and a sine wave with a 0.5-day period. Y is the summation of a cosine wave with a 1-day period and a sine wave with a 0.5-day period. The cosine wave and sine wave that make up Y were both shifted forward by 1 h so that Y lagged X at the 0.5 and 1-day periods. (B) The continuous wavelet transforms (CWT) of X and Y indicates that both are composed of reoccurring cycles with a 0.5 and 1-day periods. (C) The cross-wavelet transform (XWT) also identifies the high power at the 0.5 and 1-day periods, and the wavelet coherence method (WTC) indicates X and Y are highly correlated around the 0.5 and 1-day periods. Arrows at the 0.5 and 1-day period are phase locked, meaning X's influence on Y is constant through time, suggesting a causal relationship between X and Y is likely. (D) Arrows indicate a phase angle of −30° at the 0.5-day period with Y lagging X by 1 h and a phase angle of 15° at the 1-day period with Y lagging X by 1 h. Arrows that point to the left suggest that X and Y are out of phase (red circles) and phase arrows that point to the right suggest X and Y are in phase (black circles). However, visual inspection or some physical process knowledge about X and Y is needed to confirm the phase relation between X and Y because phase can be misinterpreted at longer lag/lead times (i.e., phase arrows at a 1-day period may indicate that X and Y are out of phase with Y lagging X by 1 h or that X and Y are in phase with Y leading X by 1 h). In this hypothetical example, X and Y are out of phase at the 1-day period with Y lagging X by 1 h, suggesting a negative correlation and that a change in X causes a change in Y 1 h later. At a 0.5-day period, X and Y are in phase with Y lagging X by 1 h, suggesting a positive correlation with a 1-h delay.


The XWT identifies regions within the CWTs where there is high power between two time series (Figure 2C). When there is high power there may be a causal relationship between the two time-series datasets. However, misleading results in the XWT can appear when high power is calculated in one of the CWT transforms but not the other because the power calculated in the CWTs are not normalized prior to the calculation of the XWT (Maraun and Kurths, 2004; Yu and Lin, 2015). This limitation of the XWT can be overcome with the WTC, in which the cross-wavelet power |WXY|2 is normalized by the product of the individual CWTs (Yu and Lin, 2015; Figure 2C). For the WTC equation, see Torrence and Webster (1998). The WTC can be thought of as the correlation between the two time series in frequency space (Grinsted et al., 2004); thus, high-power phase relations in the XWT that coincide with regions of high correlation in WTC can be considered statistically significant. Note that the disadvantage of the WTC method is that it is less localized in time-frequency space (Figure 2C); thus, to assess relations among X and Y the XWT and WTC method should be used together. If phase arrows are constant or vary slightly through time in the WTC at a specific period, then a causal relation between X and Y is likely. In short, the CWT transforms a time series into the time-frequency domain, the XWT computes phase relations between two CWTs, and the WTC identifies areas in time-frequency space where there is significant correlation between two CWTs.

The CWT is calculated to transform data into time-frequency space. The XWT and WTC are used to determine causal relations between the assumed driving variables X (i.e., sapflow, soil moisture, VPD, net radiation) and the response variable Y (e.g., inverted sapwood electrical conductivity measured in the ponderosa pine) (illustrated using black arrows in Figure 2C). Phase angles between X and Y were used to calculate lag times (Grinsted et al., 2004):

[image: image]

where Δt is the lag time, Δϕ is the phase angle in radians, and T is the period under consideration (e.g., if diel fluctuations are the focus, a 1-day period would be used) (Figure 2D). If we calculated a positive lag time, indicating that a change in Y (e.g., inverted sapwood electrical conductivity) leads a change in X, we concluded that there is no causal relation because X drives changes in sapwood conductivity, not the opposite.




FIELD RESULTS AND DISCUSSION


Soil Moisture

Soil moisture generally declined from the June 1 to late August (Figure 3A). Large rain events led to increases in soil moisture sensors at 10-cm depth, but did not always lead to large increases in the deeper sensors. It is not clear why the storm events in July only caused a muted response in the 20 and 30-cm sensors in profile two, while the storm event in early September led to a substantial increase in moisture at depth. A similar behavior was noted in soil profile one, the large storm event in the latter part of July led to a substantial increase in soil moisture at 30-cm depth, but the early September did not lead to an increase in moisture. Diel fluctuations in soil moisture at 20 and 40 cm were apparent in soil profile two during dry periods following rain events (Figure 3A). After temperature correction, diel fluctuations in soil moisture were above the absolute error (±0.03 m3/m3) reported by METER, and the magnitude of the fluctuations was greater than the measurement resolution of these sensors (0.001 m3/m3); however, the time of daily maxima and minima in soil moisture could not be well-constrained because gradual changes occurring within the 30-min timestep were often smaller than the measurement resolution of the sensor. Diel fluctuations measured in 10-cm sensors in profiles one and three were strongly influenced by temperature, consequently, an evaporation/transpiration signal could not be parsed from these data.


[image: Figure 3]
FIGURE 3. Trends through the growing season in (A) precipitation and soil volumetric water content at 20 and 40-cm depth in soil profile 2, (B) vapor pressure deficit (VPD) and air temperature measured 2 m above the ground surface, (C) sapwood moisture measured with the FDR sensor, sapflux, and cumulative stem growth measured via trunk diameter, and (D) temperature-corrected average inverted electrical conductivity (EC) in the tree with box plots of fluid EC measured in tree cores extracted from neighboring trees on the right axis. The variance in fluid EC increased later in the season relative to earlier season measurements. The two warm multi-day periods where an EC signal is again apparent and outlined with gray circles. (E) Amplitudes of diel fluctuations in inverted sapwood electrical conductivity. Colors signify the three bins used to distinguish between “low VPD” days (blue), “intermediate VPD” (green), and “high VPD” (red) days. Amplitudes in inverted sapwood electrical conductivity could not be determined past September 15 due to noise. (F) Net daily change in sapwood electrical conductivity (e.g., the difference between inverted sapwood electrical conductivity at sunrise between 2 consecutive days), colored by our low, intermediate, and high VPD classification. Large anomalous net daily changes are marked with Xs, these changes often corresponded with storm events and may result from changes in bark moisture. On the bottom x-axis, a single bar denotes three distinct patterns (storm, post-storm, and dry pattern) observed in the diel fluctuations of inverted sapwood electrical conductivity, described in detail in section Temporal Patterns in Inverted Sapwood Electrical Conductivity. Shaded blue regions across all subpanels correspond to storm.




Sapflux

Sapflux generally decreased from late June through mid-August, when it leveled off due to dry conditions (Figure 3C); however, following large storm events there were day-to-multi-day periods when sapflow increased. Diurnal fluctuations in sapflux were continuous over the course of the study period except during a stormy 4-day period starting on June 16 and a 6-day period starting on October 11 when VPD was ~0 and snow flurried (Figures 3B,C).



Sapwood Moisture and Diel Changes in Trunk Diameter

Sapwood moisture measured with the FDR sensor followed the same trend as soil moisture, suggesting that the observed seasonal depletion of sapwood moisture may have resulted from decreases in subsurface moisture availability (Figure 3C). Sapwood moisture decreased rapidly from early to late June, as high transpiration rates depleted soil moisture (Figures 3A,C). In late June, sapwood moisture stabilized, and then decreased slightly over the remainder of the study period; however, due to power loss, sapwood moisture was not monitored between August 21 and September 1.

Diel fluctuations in sapwood moisture were consistently observed between June and August 21 and followed the inverse pattern of transpiration. As noted earlier, peaks and troughs of diel fluctuations in sapwood moisture could not be determined exactly because small changes in moisture content that occurred within the 30-min measurement intervals were often below the measurement resolution (0.001 m3/m3) of the TEROS 12 soil moisture sensor (Supplementary Figure 1). When power was restored to the sensor on September 1, diel patterns were “box-shaped” and the only conclusion that could be drawn is that nighttime and morning moisture content is greater than afternoon and evening moisture content and that moisture levels continue to decrease until the September 5 storm event, which saturated soils. In contrast to our results, previous studies using FDR sensors in trees showed clear diel patterns in stem moisture (Holbrook et al., 1992; Hao et al., 2013; Matheny et al., 2017) where the timing of peaks and troughs could be easily distinguished. This may be due to the fact that these studies collected data at shorter time intervals (5–10 min vs. 30-min in our study) and/or because the magnitude of changes in moisture were greater, and incremental changes throughout the day were not as close to the resolution limits of the sensor.

Trunk growth increased substantially in June and gradually through July, and would often occur more rapidly following precipitation events (Figure 3C). When dendrometer measurements are made over the bark (as was done in this study), the measured change in stem diameter may be affected by absorption and evaporation of water from dead bark tissue (Mencuccini et al., 2017; Oberhuber et al., 2020). Rapid increases in stem diameter associated with storm events followed by a decline in stem diameter (e.g., July 15 and 25) likely result from bark water absorption and do not suggest growth occurred (Figure 3C). Consequently, diurnal patterns in stem water storage could not be thoroughly investigated with the dendrometer measurements; however, seasonal patterns dominated by irreversible radial stem growth could be distinguished. Tree diameter increased 7.6 mm between June 1 and October 1 according to the dendrometer; an 8.5 mm increase in tree diameter at breast height was measured manually with a DBH tape between May 27 and October 4, confirming that seasonal changes (i.e., irreversible radial stem growth) monitored with the dendrometer were reasonable.



Trunk Electrical Conductivity


Radial Patterns in Inverted Sapwood Electrical Conductivity

In the electrical conductivity images, there was a clear transition from high to low electrical conductivity at ~15-cm from the center of the tree, which matches the transition from sapwood to heartwood identified in the six tree cores at ~14-cm from the center of the tree (Figure 4A). Core measurements indicated that the sapwood/heartwood boundary was shallower on the north-facing, upslope side of the tree (at ~8.5 cm from the bark), and better match the potential heartwood/sapwood boundary apparent in the ERI images on this side (Figure 4A). ERI inversions from the tree trunk cross-section also revealed that the south-facing side of the trunk between electrodes 4 and 8 was generally more conductive than the north-facing side (Figure 4A), supporting the idea of thicker sapwood (and/or a more active xylem) on the south side. Al Hagrey (2006) observed that there is typically more sapflow activity on the sunlit side of the tree, so the higher electrical conductivity on the south-facing side of the ponderosa pine stem may suggest that more moisture is stored in this region to supply the increased sapflow activity.
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FIGURE 4. (A) Electrical conductivity distribution on June 6 (a clear warm day used as time zero for the ERI differencing) at 06:30 h, with electrode locations (1–16) around the outside and the location of heartwood/sapwood transition from tree cores (red squares) interpolated by a best-fit ellipse (black dashes). (B) Average diagonal of the resolution matrix for all 11 surveys between June 6 at 06:30 h and June 7 at 07:30 h, (C) spline interpolation (black line) of the median bulk apparent conductivity of the sapwood (orange squares) over a 25-h period, and (D) differences in inverted sapwood electrical conductivity with respect to the June 6 at 06:30 electrical conductivity model shown in (A). Gray regions were removed from our analysis because these areas corresponded to the heartwood, which is not expected to significantly contribute to daily water use and because the ERI resolution was poor.


The average resolution for ERI surveys was highest in the outermost 4.3 cm of the tree trunk and decreased toward the center of the trunk (Figure 4B) as would be expected (e.g., Oldenburg and Li, 1999). Daily changes in inverted electrical conductivity were also greatest in the outermost portions of sapwood (Figure 4D). While ERI has better resolution of changes in this area, this result is also consistent with the observations by Domec et al. (2005) in an old growth ponderosa pine, which indicated that outer sapwood contributed more than 57% to the total trunk water depletion, compared with 31 and 12% for the middle and inner sapwood.



Temporal Patterns in Inverted Sapwood Electrical Conductivity

The diel variations in inverted sapwood electrical conductivity (Figure 4) followed tree water storage patterns observed in other pine species using sapflow, FDR sensor, or dendrometer methods (e.g., Zweifel et al., 2001; Cermák et al., 2007; Verbeeck et al., 2007a; Matheny et al., 2015), where tree water storage decreased from sunrise to the early afternoon and increased in the afternoon and into the night (Figure 3D). Diel fluctuations in inverted sapwood electrical conductivity are evident throughout the summer, with the exception of the storm event in mid-June and after September 15 when there is considerable noise in the measurements (Figure 3D).

Variable meteorological and soil moisture conditions led to three distinct diel patterns in inverted sapwood electrical conductivity during the growing season (Figure 3):

• Storm pattern: During stormy periods (e.g., periods of low evaporative demand and high soil water content such as June 22–25; Figures 3A,C), inverted sapwood electrical conductivities mostly increased from one morning to the next (Figure 3F), with little to no decrease in inverted sapwood electrical conductivity during the daytime hours. Diel fluctuations were often not apparent or had a small amplitudes (Figures 3D,E).

• Post-storm pattern: After storm events, soils were relatively moist, evaporative demand was high, sapflow increased, and amplitudes of diel fluctuations in inverted sapwood electrical conductivity generally increased (e.g., June 28–July 10 and July 28–August 11; Figure 3). The largest amplitude diel fluctuations in inverted sapwood electrical conductivity were not observed on days with the greatest sapflow rates, which occurred ~3–4 days after the storm event when soils were moist (Figures 3C,E). Rather, amplitudes of diel fluctuations in inverted sapwood electrical conductivity were greatest when soil moisture neared pre-storm event levels, indicating a transition to a dry period. Appreciable decreases in inverted sapwood electrical conductivity from one morning to the next corresponded with large amplitude diel fluctuations in that dataset (Figures 3E,F).

• Dry pattern: During dry periods, soil moisture was low, evaporative demand was high, and amplitudes of diel fluctuations in inverted sapwood electrical conductivity decreased (e.g., August 14–September 29; Figure 3). There was generally a small decrease in inverted sapwood electrical conductivity from one morning to the next (Figure 3F), and no irreversible growth occurred under these conditions.

Starting in mid-September, diel fluctuations in inverted sapwood electrical conductivity could not be identified because noise increased drastically; at this time, average daily temperatures decreased, nighttime temperatures were close to freezing, soils were dry, daily transpiration was near a summertime low, and the dendrometer recorded a decrease in trunk diameter (Figure 3). The source(s) of noise are not clear; however, the changes in environmental conditions may have affected the coupling of electrodes used for the electrical conductivity measurements. The noise was nearly constant throughout the rest of the study period, except during two warm multi-day periods following the storm events on September 19 and the early-October snowstorm where a signal is once again apparent (Figure 3D).

We expected that as conditions became progressively drier through the growing season that we would see a reduction in inverted sapwood electrical conductivities because there would be less sapwood moisture. However, inverted sapwood electrical conductivity of the tree trunk generally increased from June 1 to September 15, with the largest increases in June and July (Figure 3D). This result was also observed and went largely unexplained in Mares et al. (2016). Fluid electrical conductivity extracted from nearby ponderosa pine trees over the course of the season was relatively constant from June through August (Figure 3D), so it seems unlikely that a change in fluid electrical conductivity is responsible for the seasonal increase in inverted sapwood electrical conductivity. The increased inverted sapwood electrical conductivity from June 1 to August 1 may be due to new growth. If we approximate the sapwood area as a ring with a radius of 10 cm (e.g., the average sapwood thickness, determined by the difference between measured inner and outer sapwood in the six cores), and assume that the additional 8 mm of growth was mostly sapwood, then between June 1 and September 15 the amount of sapwood increased by ~5%, which would increase the water storage capacity and subsequently the measured electrical conductivity. It is unclear if a 5% increase in outer portion of sapwood is substantial enough to significantly increase the hydraulic capacity of sapwood over the season, and this 5% would be even smaller if the conversion of sapwood to heartwood was considered. However, Domec et al. (2005) found that the outer sapwood of a ponderosa pine accounted for ~60% of the water stored in the sapwood, suggesting that new stem growth may hold considerably more water between its tissues.

Another factor considered was the influence of the fixed inversion grid used throughout the study period, which did not account for stem growth. According to Pouillet's law, [image: image], where ρ is electrical resistivity, l is the path length, R is resistance, and A is the cross-sectional area, increasing the cross-sectional area would lead to a decrease in the apparent resistivity, and thus reduce the resistance, ultimately increasing the electrical conductivity. To test the influence of an increase in cross-sectional area we inverted surveyed data from August 6 at 06:00 (when the dendrometer data suggest that seasonal growth had mostly stabilized) with a grid that was expanded radially by 8 mm. Results from the expanded grid could not be directly compared on an element-by-element basis because the fixed grid included an additional 116 triangular elements to account for the increased cross-sectional area. However, the expanded grid led to no visible change in the spatial distribution of electrical conductivity and the difference in the median electrical conductivity of the expanded grid was slightly greater (<1%) than the median electrical conductivity of the fixed grid, suggesting that the error introduced by the fixed grid does not account for the observed seasonal increase in sapwood electrical conductivity.





DIEL RELATIONS BETWEEN DATA SETS


Between Sapflow and Trunk Electrical Conductivity

In an isohydric species such as ponderosa pine, we expect that when sapwood and soil moisture stores are limited, the likely physiological response to an increase in evaporative demand would be to limit sapflow by reducing stomatal conductance. This was supported in our data by: (1) trends in amplitudes of diurnal fluctuations in sapflow (detailed in section Temporal Patterns in Inverted Sapwood Electrical Conductivity), which progressively decreased as soil moisture and sapwood moisture decreased (Figures 3A,C); and (2) trend in peak times of diurnal fluctuations in sapflow, which peaked earlier in the day as conditions dried (Figure 5). In the latter part of post-storm patterns (e.g., ~4–5 days after the storm event), soil moisture neared pre-storm event levels and the magnitude of diurnal amplitudes in sapflow fluctuations decreased, but amplitudes in inverted sapwood electrical conductivity fluctuations increased (e.g., Figure 3E), suggesting the tree became increasingly reliant on sapwood moisture stores as soil moisture decreased. The relative importance of sapwood moisture at the transition period was also apparent in the XWT and WTC between sapflow and inverted electrical conductivity (Figures 6C,D). Lag times increased as soils dried and the longest lag times were observed in the latter part of post-storm patterns when soil neared pre-storm event levels, but sapwood moisture remained high (Figure 6E). The effects of high sapwood moisture were apparent when comparing days within the latter part of post-storm patterns to days in the dry period (Figure 7A). On days within the post-storm patterns (e.g., July 10, Figure 7A), inverted electrical conductivities decrease rapidly in the morning hours as sapwood moisture is used to sustain high rates of sapflow and in the late-morning/early-afternoon sapwood moisture is used as at a slower rate to help maintain sapflow rates. This extended period and high rate of sapwood moisture use subsequently increases the time it takes to replenish sapwood moisture stores in the late afternoon and evening hours, and ultimately increases lag times between sapflow and inverted sapwood electrical conductivity. On days within the dry period (e.g., August 23, Figure 7A), smaller amplitude diel fluctuations in inverted electrical conductivity suggest that only small amounts of internal water storage water were released to supply transpiration in the early morning before sapflow rapidly decreased in response to increased evaporative demand. This had the effect of reducing time lags between sapflow and sapwood inverted electrical conductivities (Figure 6E). These observations are in agreement with other studies, which found that tree species with high sapwood water-storage capacity (i.e., ponderosa pines) have a longer period to react physiologically to an increase in evaporative demand (Martins et al., 2016); however, as shown in the hysteresis method employed by Matheny et al. (2014), this response window is shortened as sapwood moisture is depleted during prolonged drought.


[image: Figure 5]
FIGURE 5. Daily maximum sapflow through time. Points within storm events were removed because the time of maximum sapflow was controlled by the timing of the storm event. Dot size indicates soil moisture and dot color denotes the time of peak sapflow. Shaded blue regions across all subpanels correspond to storm patterns. On the bottom x-axis, a single bar denotes three distinct patterns (storm, post-storm, and dry pattern) observed in the diel fluctuations of inverted sapwood electrical conductivity, described in detail in section Temporal Patterns in Inverted Sapwood Electrical Conductivity. The gray bar corresponds with the period when patterns could not be distinguished due to noise in inverted sapwood electrical conductivity data.
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FIGURE 6. (A) Daily precipitation, (B) sapflow and inverted sapwood electrical conductivity, (C) the XWT of sapflow and inverted sapwood electrical conductivity, (D) the WTC of sapflow and inverted sapwood electrical conductivity, and (E) the lead/lag calculated using Equation (7) and the phase angle of arrows at a 1-day period between sapflow and inverted sapwood electrical conductivity. Regions in time-frequency space in the XWT that had moderately high wavelet power, periods >1-day, and where the WTC identified high correlation are outlined with red circles. The regions outlined in red coincide with the storm events. Red arrows highlight periods when we hypothesize that progressively drier conditions increased stomatal regulation, and subsequently decreased lag times. Blue arrows highlight periods when we hypothesize that increased moisture, due to precipitation, decreased stomatal regulation, subsequently increasing lag times.



[image: Figure 7]
FIGURE 7. (A) Normalized VPD (orange line), solar radiation (blue line), and sapflow (green) with inverted sapwood electrical conductivity (yellow line) on July 10 and August 24, 2018. These 2 days were selected for comparison because both days were considered to be mostly sunny, high VPD days, that occurred at the tail end of multi-day dry periods, but also because soil moisture availability was limited by August 24 and not on July 10 (Figure 3A), providing a contrast. Hysteresis between VPD and (B) sapflow and (C) inverted sapwood electrical conductivity.


To further evaluate the relations among sapflow, inverted sapwood electrical conductivity, and evaporative demand established in the wavelet analysis, we also employed hysteresis method. The degree of hysteresis between VPD and inverted sapwood electrical conductivity, which is created by the time lag between them, generally decreased with increasing drought severity (e.g., July 10 vs. August 24; Figure 7). This finding supported our interpretation that lower sapwood moisture and soil moisture led to a more rapid stomatal response. Diel tree water storage patterns are likely more evident in the degree of hysteresis between VPD and inverted sapwood electrical conductivity than with sapflow because inverted sapwood electrical conductivity is sensitive to changes in sapwood moisture, while sapflow cannot be directly tied to changes in sapwood moisture (i.e., Figure 7B vs. Figure 7C). However, there were many days throughout the growing season when the relation between VPD and sapflow or inverted sapwood electrical conductivity did not form a simple hysteretic loop, and thus the role of tree water storage could not be evaluated. These results highlight the strength of the wavelet analysis method, which can continuously quantify diel relations between transpiration and inverted sapwood electrical conductivity through time.



Meteorological Controls on Diel Changes in Sapwood Moisture

Results from our wavelet analysis suggest that the influence of solar radiation on inverted sapwood electrical conductivity is mostly constant throughout the summer, with the exception of stormy periods (Figures 8C,D). Statistically significant wavelet power is observed at a 1-day period in the XWT transform from June 1 to September 15, with the exception of periods that overlap with large storm events (Figure 8C). Nearly-constant phase arrows and high correlation observed in the WTC over the same time period indicate that solar radiation and inverted sapwood electrical conductivity are out of phase and that there likely is a causal relation between them, with inverted sapwood electrical conductivity lagging solar radiation by an average of ~4.3 h (Figures 8D,E). During storm events, phase arrows at a 1-day period increased to ~5 h lag in the XWT, correlation decreased in the CWT, and wavelet power decreased in the XWT, indicating a weak or non-existent relation between incoming solar radiation and inverted sapwood electrical conductivity due to cloud cover and limited transpiration (Figures 3B,D; Figures 8A,C). The influence of solar radiation alone cannot fully explain the variability that drives the three patterns outlined in section Temporal Patterns in Inverted Sapwood Electrical Conductivity due to minimal variability in lag times between solar radiation and inverted sapwood electrical conductivity over the summer.
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FIGURE 8. (A) Daily precipitation, (B) net solar radiation and inverted sapwood electrical conductivity, (C) the XWT of solar radiation and inverted sapwood electrical conductivity, (D) the WTC of solar radiation and inverted sapwood electrical conductivity, and (E) the lead/lag time at a 1-day period between solar radiation and inverted sapwood electrical conductivity. Regions in time-frequency space in the XWT that had moderately high wavelet power, periods >1-day, and where the WTC identified high correlation are outlined with red circles in (C). The regions outlined in red coincide with the storm events. Red arrows in (E) highlight dry conditions that increased stomatal regulation, and subsequently decreased lag times. Blue arrows in (E) highlight periods of increased moisture, due to precipitation, which decreased stomatal regulation, subsequently increasing lag times.


Patterns identified in the wavelet analysis between VPD and inverted sapwood electrical conductivity correspond to the three patterns noted earlier in the inverted sapwood electrical conductivity. From June 1 to September 15, there was considerably more variability in the XWT and WTC of VPD and inverted sapwood electrical conductivity at the 1-day period when compared to the XWT and WTC of solar radiation and inverted sapwood electrical conductivity (Figures 8C,D vs. Figures 9C,D); this result suggests that changes in VPD drive most of the observed variability in daily reductions of sapwood moisture. A relation between VPD and inverted sapwood electrical conductivity is not present during the storm pattern (e.g., June 15–28) or is weakened during smaller storm events (e.g., storm events in mid-July; Figure 9D). As conditions dry post-storm, lags between inverted sapwood electrical conductivity and VPD decreased while correlation between the two increased, suggesting increased evaporative demand led to stronger coupling between VPD and sapwood moisture use (Figures 9D,E). The exception to this trend was the post-storm period from July 30 to August 19, where lag times between inverted sapwood electrical conductivity and VPD were mostly constant and correlations were high, suggesting that the ponderosa pine may have employed an increasingly conservative water strategy as moisture availability decreased and evaporative demand increased. In the dry pattern (e.g., August 19–27), lag times between VPD and inverted sapwood electrical conductivity decrease to nearly a zero lag (Figure 9E). The relatively rapid decrease in lag times during this period corresponds with decreasing amplitudes in inverted sapwood electrical conductivity and the lowest observed sapflow rates outside of stormy periods when VPD was zero. These observations suggest that sapwood hydraulic capacity and soil moisture stores could only sustain small amounts of transpiration after extended drought (July 28–Septmebr 29) without a large storm event. Ultimately, both solar radiation and VPD are important controls on diel changes in inverted sapwood electrical conductivity; however, variability in daily reductions of sapwood moisture could not be fully explained without the effects of VPD.


[image: Figure 9]
FIGURE 9. (A) Daily precipitation, (B) vapor pressure deficit (VPD) and inverted sapwood conductivity, (C) the XWT of VPD and inverted sapwood electrical conductivity, (D) the WTC of VPD and inverted sapwood electrical conductivity, and (E) the lag time between VPD and inverted sapwood electrical conductivity. Regions in time-frequency space in the XWT that had moderately high wavelet power, had periods >1-day, and where the WTC identified high correlation are outlined with red circles. The regions outlined with red circles coincide with the storm events. Red arrows in (E) highlight periods when we hypothesize that progressively dryer conditions increased stomatal regulation, and subsequently decreased lag times. Blue arrows in (E) highlight periods when we hypothesize that increased moisture, due to precipitation, decreased stomatal regulation, and subsequently increasing lag times.




Between Soil Moisture and Trunk Electrical Conductivity

The inverse relation between inverted sapwood electrical conductivity and soil moisture is strong only when soils are dry. The XWT and WTC indicate that during dry periods there is an inverse relation between soil moisture and inverted sapwood electrical conductivity; phase arrows suggest that soil moisture at 20-cm depth and inverted sapwood electrical conductivity were in phase, with inverted sapwood electrical conductivity lagging soil moisture at a 1-day period (Figures 10C,D). Lag times between soil moisture and inverted sapwood electrical conductivity increased from a nearly zero lag in early July to a 5-h lag by mid-July (Figure 10E). In subsequent dry periods, lag times remain relatively constant at ~5 h. The longer lag times may be caused by limits of root water uptake in drying soils. Correlation between inverted sapwood electrical conductivity and soil moisture increased as lags increase during dry periods (Figures 10D,E), suggesting that link between soil moisture and internal water strengthens during prolonged drought. One may expect that as soils dry, the ability to replenish internal water stores would decrease, subsequently weakening the connection between soil moisture and internal water storage. However, ponderosa pine are known to use a deep rooting strategy, which enables redistribution of deeper water stores to shallow soils (e.g., Brooks et al., 2002). Mares et al. (2016) suggested hydraulic redistribution to explain ERI data in a ponderosa pine located <60 m from our study tree. Given the strong inverse relation between soil moisture and inverted sapwood electrical conductivity identified during dry periods, we assume that the ponderosa pine is actively relying on deeper water sources.


[image: Figure 10]
FIGURE 10. (A) Daily precipitation, (B) soil VWC at 20-cm depth and inverted sapwood electrical conductivity, (C) the XWT of soil VWC and inverted sapwood electrical conductivity, (D) the WTC of soil VWC and inverted sapwood electrical conductivity, and (E) the lead/lag time at a 1-day period between soil VWC and inverted sapwood electrical conductivity. Regions in time-frequency space in the XWT that: were not already identified as significant (black contour lines), had moderately high wavelet power, had periods >1-day, and where the WTC identified high correlation are outlined with red circles. The white ellipse at ~1-day period highlights a period when the WTC suggests that a 13-day time period of increasing inverted sapwood electrical conductivity between July 14 and July 27 may cause the subsequent (delayed by 6 days as indicated by phase arrows) 12-day period of decreased sapflow occurring between August 2 and 14. Red arrows highlight periods when we hypothesize that progressively dryer conditions increased stomatal regulation, and subsequently decreased lag times. Blue arrows highlight periods when we hypothesize that increased moisture, due to precipitation, decreased stomatal regulation, and subsequently increasing lag times.




The Influence of Environmental Changes at Periods Longer Than 1-day on Inverted Sapwood Electrical Conductivity

The XWT and WTC indicate that there are regions in time-frequency space at periods >1 day with high wavelet power and significant correlation between the driving environmental variables (solar radiation, VPD, soil moisture, and sapflow) and inverted sapwood electrical conductivities (Figures 6, 8–10). These significant regions occur mostly within 2–4 day periods and correspond with storm events. Nearly all phase arrows within these regions are out of phase, which indicates that inverted sapwood electrical conductivities increased and the environmental variables decreased. The XWTs and WTCs identified some regions at periods longer than 2–4 days that were significant. However, from a physical process standpoint, it is not clear how these regions relate to sapwood moisture patterns; thus, interpretations of these regions are not discussed here.




CONCLUSIONS

Together, time-lapse ERI and wavelet analysis provided insight at the relevant spatial and temporal scales needed to evaluate relations between tree water storage and daily transpiration. Wavelet analyses successfully deconstructed complicated time series data into periodic (e.g., 24-h) and non-periodic events, which enabled us to evaluate the effects of extended dry periods and storm events on tree water storage. Diel patterns in inverted sapwood electrical conductivity followed a pattern similar to tree water storage patterns measured in other tree species using different methods (e.g., FDR sensors, Matheny et al., 2015, 2017) and followed diel patterns measured in our embedded FDR sensor, suggesting that inverted sapwood electrical conductivity was effective at monitoring changes in tree water storage. Seasonal increases in inverted sapwood electrical conductivity did not result from an increase in xylem fluid electrical conductivity. Instead, increases in inverted sapwood electrical conductivity may result from new growth, which primarily occurred in June and after large storm events. Physical relations between tree water storage as estimated by ERI and sapflow, solar radiation, VPD, and soil moisture were investigated and our key findings were:

• Diel amplitudes of inverted sapwood electrical conductivity indicated that tree water storage use was greatest ~4–5 days after storm events, when sapwood hydraulic capacity was high and storm event water was gone. Tree water storage continued to be relied upon during dry periods, but as drought conditions progressed tree water storage capacity to contribute to transpiration decreased (e.g., amplitudes in inverted sapwood electrical conductivity decreased).

• Wavelet analyses revealed that short time lags between sapflow and inverted sapwood electrical conductivity correspond with dry conditions, when stomatal conductance is lowered to avoid dehydration. Longer lags between sapflow and inverted sapwood electrical conductivity were observed when conditions were relatively wet. Increased soil moisture and sapwood moisture during these wet periods enabled higher rates of sapflow and increased the time that the ponderosa pine could safely transpire, subsequently increasing the amount of tree water storage used and the time tree water storage was relied upon to supply transpiration.

• The diel variability in sapwood moisture could not be fully explained without incorporating the effects of VPD.

The trends identified in tree water storage using ERI and wavelet analysis highlight how ponderosa pines respond to conditions on dry, south-facing hillslopes in Colorado montane forests Tree water storage was a vital resource that the ponderosa pine relied upon during intermittent dry periods typical of monsoon season in the Colorado Front Range. Our findings highlight (1) the utility of time-lapse ERI to provide insight into tree hydraulic function at spatial and temporal scales that cannot feasibly be achieved using traditional methods, and (2) the utility of wavelet analysis to efficiently extract information from ERI time series.
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