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Abstract: Root Water Uptake (RWU) by vegetation influences the partitioning of water
between transpiration, evaporation, percolation, and surface runoff. Measurements of stable
isotopes in water have facilitated estimates of the depth distribution of RWU for various tree
species through methodologies based on End Member Mixing Analysis (EMMA). EMMA
often assumes that the isotopic composition of tree-stored xylem water (dxyLem) is
representative of the isotopic composition of RWU (6rwu). We tested this assumption within
the framework of EcH>O-is0, a process-based distributed tracer-aided ecohydrologic model,
applied to a small temperate catchment with a vegetation cover of coniferous Eastern
Hemlock (7Tsuga canadensis) and deciduous American Beech (Fagus grandifolia). We
simulated three scenarios for tree water storage and mixing: 1) zero storage (ZS), 2) storage
with a well-mixed reservoir (WM) and 3) storage with piston flow (PF). Simulating tree
storage (WM and PF) improved the fit to dxyLem observations over ZS in the summer and fall
seasons, and substantially altered calibrated RWU depths and stomatal conductance. Our
results suggest that there are likely to be advantages to considering tree storage and internal
mixing when attempting to interpret dxyLewm in the estimation of RWU depths and critical
zone water residence times, particularly during periods of low transpiration. Improved
representations of tree water dynamics could yield more accurate ecohydrologic and earth
system model representations of the critical zone.
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1. Introduction

The rooting zone is a highly dynamic part of the critical zone which strongly influences the
fate and transport of terrestrial water and its dissolved chemical constituents. Rooting zone
water content controls saturation-excess partitioning between surface runoff and infiltration,
and further partitioning of the infiltrated water between groundwater recharge and local
atmospheric return through soil evaporation and transpiration. On land, transpiration by green
plants is often the dominant flux of water return to the atmosphere (Schlesinger & Jasechko,
2014; Good et al., 2015), providing a critical control on stored water in the rooting zone.
Despite the importance of plant roots in mediating soil water and dissolved nutrient dynamics,
the study of root and soil water interactions remains a developing field with many open
questions (Penna et al., 2019; Brantley et al., 2018; Berry et al., 2017).

Emerging methods using stable isotopes in water (*H and '®0) have led to insights into the age
distributions of soil water percolate and plant Root Water Uptake (RWU) (e.g. Sprenger et al.,
2019, 2018; Evaristo et al., 2019; Benettin et al., 2019; Smith et al In Review; Knighton et al
2019a). Recent studies have employed stable isotopes and variations of the End Member
Mixing Analysis (EMMA) methodology to estimate the proportional contribution of different
subsurface water sources to RWU. EMMA is a statistical approach to estimating the relative
contribution of multiple sources (i.e. subsurface waters) to an integrated mixture of these
sources (i.e. tree-stored water) which can be inferred from measured isotopic compositions in
water. Studies investigating RWU depths have been motivated by a desire to understand the
prevalence of ecohydrologic separation (Evaristo et al., 2019), climate adaptation strategies of
plants (Brinkman et al., 2019; Evaristo & McDonnell, 2017; Barbeta & Pefiulas, 2017), RWU
competition among native and invasive species (De Deurwaerder et al., 2018), optimal
revegetation schemes for modified landscapes (Wang et al.,, 2017; 2019), hydroclimatic
extremes following anticipated tree species succession (Knighton et al 2019b), and to better
resolve the functional traits of trees in land surface models (Matheny et al., 2017).

Rothfuss & Javaux (2017), Barbeta et al. (2018), Penna et al. (2018), De Deurwaerder et al
(2019), and Wang et al. (2019) highlighted conceptual limitations of the EMMA approach in
that we must assume measured soil water isotopic compositions are representative of available
water sources at the time of RWU. Goldsmith et al. (2019) demonstrated that spatial and
temporal variability in soil water can influence RWU depth estimates. Further, EMMA requires
the assumption that the measured isotopic compositions of xylem waters (SxyLem) are
representative of the RWU isotopic composition (drwu), suggesting that water storage and
mixing within trees is negligible. However, experimental studies of residence times within trees
challenge this assumption (Kocher et al., 2013; Cermak et al., 2007; Urban et al., 2015; Meinzer
et al., 2006).

Internal storage of mobile water within trees is a biological adaptation that reduces water stress
during periods of reduced soil water availability and RWU (e.g. Sanchez-Costa et al., 2015).
Capacitive discharge (forced transpiration from tree-stored water) provides a biological
resilience against embolism (Scholz et al., 2011). Tree-stored water has been shown to
contribute up to 20% of daily transpiration during the peak growing season within Douglas fir
(Pseudotsuga menziesii) in a Mediterranean climate (Phillips et al., 2003; Cermék et al., 2007),
the genera Fagus, Tilia, Carpinus, Fraxinus and Acer within a temperate climate (Kocher et
al., 2013), and Scots Pine (Pinus sylvestris) in a temperate maritime climate (Urban et al.,
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2015). Within time periods of reduced plant growth and atmospheric water demand,
transpiration from Douglas fir can be sourced solely from tree-stored water for up to one week
(Cermék et al., 2007). Hao et al. (2013) observed a steady decrease in the Volumetric Water
Content (VWC) of the main stems of Betula papyrifera trees, measured by frequency domain
reflectometry sensors throughout the growing season. Urban et al. (2015) estimated the xylem
storage volume of a Scots Pine stand in Belgium to be approximately 9 mm (rainfall
equivalent), a potentially significant reservoir for mixing during periods of low transpiration.
Together, these studies suggest that the mean residence time of water within trees (i.e. the mean
age of all water stored within the tree) could induce a significant time lag between the isotopic
composition of stored xylem water (dxyLem), soil water (dsois), and gross precipitation (dcp).

The advent of process-based isotope-aided hydrologic models (e.g. Kuppel et al., 2018a;
Knighton et al., 2017; Smith et al., 2016; Haverd & Kuntz, 2010; Yoshimura et al., 2006; Braud
et al., 2005) can help relax our reliance on the assumption of time invariance for dsors and
Orwus; however, a lack of empirical studies has prevented the process of storage and mixing
within trees from being resolved in most current generation model structures. Wen et al (2016)
demonstrated that the isotopic composition of Zea mays xylem deviated from that of transpired
water during periods of low transpiration. Yoshimura et al (2006) tracked the isotopic
composition of soils, as well as trunk- and leaf-water within trees. Their modeling approach
suggested the isotopic signature of stem water could deviate substantially from subsurface
waters.

Time lags between dcp and dxyLem have been observed across catchments with varied geologies
and climates (e.g. Allen et al., 2019; Knighton et al 2019a; Smith et al In Review; Brinkman et
al., 2018), which each study attributed to the residence time within catchment soils prior to
RWU. These studies incorporated the open assumption that dxyrem reflects the composition of
Orwu as a reasonable approximation at the catchment-scale during the growing season. This
implies that tree storage and within-tree mixing dynamics are negligible, assumptions which
possibly limit the interpretation of dxyLem observations (Penna et al., 2018). While water
residence within soils is likely an important mechanism for increasing the age of critical zone
water (e.g., Sprenger et al., 2018; Kuppel et al., 2018a; Chitra-Tarak et al., 2018; Knighton et
al., 2019a), transient storage and mixing dynamics within trees possibly causes the age
distribution of tree stored water to deviate from that of RWU. Brooks et al. (2010), Treydte et
al. (2014), McCutcheon et al. (2017) and Knighton et al. (2019a,b) hypothesized that dxyrem
measurements made during the dormant season may be more representative of drwu from
waters infiltrated during an extended antecedent period prior to vegetation sampling due to
reduced or ceased dormant season transpiration.

Further, we know relatively little about the degree of mixing between older tree-stored water
and new RWU, and how this uncertainty influences our interpretation of dxyLem (Berry et al.,
2017). Most tree-stored water is retained in the heartwood and is hydraulically separated from
mobile sapwood (e.g. Zimmerman, 1971; Kravka et al 1999; Urban et al., 2015), leaving only
a portion of stored water available for mixing with RWU. Meinzer et al. (2006) studied sap
flux dynamics of two conifer species through injection of *H labeled water. Mean tracer
residence times exceeded upper crown arrival times by approximately 200% (Meinzer et al.,
2006), suggesting internal recycling or diffusion. Matheny et al. (2015) hypothesized that
deciduous Oak trees (Quercus sp.) may access older xylem water during periods of soil water
limitation. Wen et al (2016) observed minimal separation between water within Zea mays and
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transpired waters during peak daily transpiration suggesting a well mixed storage. De
Deurwaerder et al (2019) observed stem water isotopic variations along the lengths of six
deciduous tree species in French Guiana and northwestern China, implying that mobile tree
stored water is not necessarily well-mixed. We therefore propose that 1) complete mixing, that
is transpired water draws uniformly from all tree-stored water independent of water age, and
2) piston flow, where transpired water is sourced from the oldest tree-stored water, could each
represent a working hypothesis for modelling the transport of tree-stored water from root to
leaf. We select these two concepts as the extreme bounds on internal tree water mixing at the
plot-scale.

To test these working hypotheses, we present a novel modelling-based approach for the explicit
simulation of tree water storage and mixing, using the distributed isotope-enabled
ecohydrologic modeling framework of Maneta et al. (2013) and Kuppel et al. (2018a). These
modeling advances are proposed as a way of addressing the following research questions:

e Does explicit simulation of tree water storage improve model calibration to dxyLem
observations?

e Are tree-stored water dynamics better approximated through simulating a uniform
selection of stored water by transpiration (i.e., immediate, full mixing of RWU), or a
preferential selection of the oldest stored water (i.e. piston flow)?

e Are tree-storage residence times of similar magnitude to soil water residence times?

We evaluate these questions with a study of a small temperate catchment in central New York,
US, densely vegetated with both the coniferous Eastern Hemlock ( Tsuga canadensis; hemlock)
and deciduous American Beech (Fagus grandifolia; beech). Developing explicit
representations of tree-storage and mixing within isotope-aided hydrologic models could assist
interpretation of xylem isotopic compositions, therefore providing more reliable estimates of
vegetation RWU depths and critical zone residence times.

2. Methodology
2.1 Site Description

The modelling experiment was based on a 1.2 km? catchment in central NY, US (42.42°, -
76.32°) in a temperate climate region. The catchment receives approximately 1,000 mm of
precipitation annually, with approximately 60% of annual precipitation occurring during the
growing season (mean monthly air temperatures greater than 10°C from April through
November). Annual evapotranspiration in this catchment is approximately 500 mm'year™
(Knighton et al 2019a). Freezing air temperatures persist from December through March,
leading to the establishment of a snowpack throughout the winter season (approximately 20%
of annual precipitation).

Catchment soils were characterized as Cambisols. Sand, silt, and clay compositions were
estimated with the hydrometer method (Gee & Bauder, 1986). Organic content of soils was
estimated as the mass difference of samples oven-dried and then heated to 550°C for 3 hours.
Hilltop soils are composed of a 5 cm organic layer underlain by silt loam. Riparian soils are
the same texture, but with no organic surface layer. Soil textures of the upper 50 cm are uniform
with increasing gravel contents by mass ranging from 0 - 22% at the surface to 38 - 71% at 30
cm. Catchment soil bulk densities range from 1.3 to 1.58 g'em™ (NRCS, 2019). The catchment
is underlain by highly weathered siltstone bedrock at an average depth of 50 cm and a confining
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layer between 1 and 1.5 m (NRCS, 2019; Schneiderman et al., 2007). The median catchment
slope is 20°.

Catchment tree cover is composed primarily of second-generation regrowth (stand age
approximately 60 years) deciduous American Beech (beech) and coniferous Eastern Hemlock
(hemlock) (Fig. 1), though other deciduous species exist at lower densities (Knighton et al
2019a). Within the mixed hemlock /beech region, hemlock and beech densities are 0.031 m™
and 0.012 m? respectively. All beech and hemlock trees were respectively unaffected by
hemlock wooly adelgid infestation and beech bark disease at the time of sampling. The
deciduous leaf-on season extends on average from approximately April 1% through November
1*, though beech typically holds leaves past the growing season for an 11-month period. The
rooting depth profile of beech is predominantly shallow, where Yanai et al. (2008) found
approximately 80% of beech fine roots exist within the upper 30 cm. Hemlock maximum
rooting depth typically extends to the regional average water table depth, though Meinzer et al.
(2013) demonstrated that hemlock sapflux through the growing season was strongly correlated
with the soil water content of the upper 50 cm. The peak growing season leaf area indices
(LAIs) of hemlock and Fagus sp. vary from approximately 6 to 8 (m?m) (Naithani et al., 2013;
Leuschner et al., 2006; Bartelink, 1997). Canopy interception for hemlock and beech is
approximately 15% (Guswa & Spence, 2011) and 18% (Staelens et al., 2006), respectively, of
gross preeipitation for rainfall events exceeding 10 mm.

2.2 Field Collections and Lab Analysis

We measured daily gross precipitation with a 200-mm diameter tipping bucket rain gage (TR-
525-S-U, Texas Electronic; precision = 0.2 mm and accuracy = +/- 3%), in a clearing
approximately 1 km from the catchment outlet (Fig. 1). Daily catchment stream discharge was
derived from measurements made with a HOBO pressure transducer. Daily maximum and
minimum air temperatures were measured with a HOBO sensor near the catchment outlet. We
measured weekly gross precipitation isotopic composition, dgp, near the rain gage. Weekly
instantaneous stream water isotopic composition, Osream, Was measured at the pressure
transducer. We measured Snowpack Water Equivalent (SWE) and snowpack isotopic
composition (dswe) as a point measurement near the catchment outlet at a weekly interval
during the cool season (Fig. 1). Isotopic measurements are reported with respect to the Vienna
Standard Mean Ocean Water 2 (VSMOW?2).

At six locations along a hillslope (Table 1), we measured weekly soil volumetric water content
(VWC) and bulk dsorcs at a depth of 5 to 10 cm. Shallow soil (top 12 cm) VWC measurements
were made weekly with a 12 cm long Time Domain Reflectivity (TDR) probe (CS658,
Campbell Scientific; resolution = 0.05%, accuracy = 3%). Soil isotopic depth profiles were
collected seasonally (August 13", 2017, November 12, 2017, June 5™ 2018) at 5 cm
increments to a depth of 50 cm or until weathered bedrock was encountered. For each sample,
approximately 100 mL of soil were collected at each location each week from January 2017 to
January 2018 with a hand pick and immediately placed into a sealed jar.

We estimated the seasonal isotopic composition of xylem water with a total of 99 beech and
108 hemlock stems. Across each of three seasons, we sampled 69 individual trees of (33 beech
and 36 hemlock). These samples were collected uniformly across the six sampling locations
(Fig. 1; 12 samples at each location, except site 2 where only 3 beech samples were collected).
Plant stems were sampled on 1) August 13", 2017, during a period of particularly dry shallow
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soil conditions at upland locations within the growing season where trees may be expected to
supplement RWU from deeper layers, 2) November 12", 2017 several days after a soil water
recharge event by isotopically depleted precipitation, and 3) June 5%, 2018 four weeks
following the bud burst of beech and after the last spring snowmelt. Sampled trees had a
minimum and maximum DAB of 5 and 30 cm respectively. All branches were sampled at a
height of approximately 1.5 m. Stem samples were clipped to approximately 5 cm length (1
cm diameter) from branches near the trunk, a minimum of 1 m away from transpiring leaves.
Clipped ends of the stems were covered in parafilm and placed into sealed jars immediately.

Collected soils and stems were stored frozen prior to cryogenic vacuum extraction of water.
Extractions were run for a minimum of 180 minutes, at a temperature differential of 280°C, at
a maximum pressure of 10 kPa in order to minimize errors (Orlowski et al., 2016; 2018). Soil
and plant xylem waters were analyzed with an off-axis integrated cavity output spectrometer
(OA-ICOS; IWA-35EP, Los Gatos Research, Mountain View, CA, USA) coupled with an
autosampler (LC PAL, CTC Analytics AG, Zwingen, Switzerland) for liquid sample injections
(precision of 0.5%o for 8*H and 0.1%o for 5'0). Isotopic data was calibrated to the VSMOW2
reference scale with three water standards covering the isotopic range of natural water. Gross
precipitation, throughfall, stream water, and SWE samples were analyzed on a Thermo Delta
V isotope ratio mass spectrometer interfaced to a Gas Bench II (precision of 0.5%o for §°H and
0.24%o for 5'*0). The depth variability of soil §!%0 is shown in supplemental Figure S1.

2.3 Model Description

We utilized EcH;O-iso, a fully distributed process-based hydrologic model capable of
simulating plant growth and dynamics of stable isotopes (*H and '*0) in water (Maneta et al.,
2013; Kuppel et al., 2018a, b; Douinot et al., 2019). The modelled domain was constructed on
a 10x10 m? horizontal grid. The hydrologic and plant dynamic computational time step was 1
day in all simulations. Land cover in the catchment was defined with two vegetation classes
respectively corresponding to beech and hemlock; part of the catchment is considering to be
exclusively covered by beech, and the remaining area by a mixture of hemlock and beech with
initial densities 0f0.031 m? and 0.012 m? respectively (Fig. 1). All soil and tree sampling sites
were located within the area of mixed hemlock and beech. Further details of the EcH,0O-iso
representation of soils, the rooting distribution, and model parameters are presented in the
supplemental material.

We utilized three model structures for the representation of the xylem isotopic composition:

e Zero storage case (ZS): We assumed storage (and thus mixing) within the hemlock and
beech trees is negligible. Field measurements were compared directly to the simulated
RWU isotopic composition based on the EcH»O-iso conceptualization of rooting
distribution and soil water isotopic composition.

e Well-mixed storage case (WM): We assumed storage within hemlock and beech trees
cannot be neglected. We introduce two new parameters ( 7reey defined for both species;
representing the reservoir sizes as a length) provided by hemlock and beech at the tree
and soil sampling locations. We further assumed that the age of transpiration losses is
an average across tree-stored water.

e Piston flow case (PF): Same as WM; however, we assumed that transpiration within
trees preferentially uses oldest stored water. This case represents piston flow within the
hemlock and beech trees.
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2.4 Model Calibration

EcH,0O-iso calibration was performed against both catchment-scale observations (stream
discharge, dstream) as well as plot scale measurements of SWE, shallow soil VWC, and stable
isotopic compositions (!*0) of shallow bulk soil water and xylem water of hemlock and beech
(Table 2). Simulated dxyLem was calibrated against both the residuals of the d-excess as well
as the residuals of the observed and simulated projections onto the Global Meteoric Water Line
(GMWL), termed MWL. Metrics for plant xylem calibration were chosen such that each
measurement was orthogonal. Computation of MWL proceeded as follows: We first translated
the GMWL and all isotopic observations such that the translated GMWL passes through the
origin, 62H° = §2H — 10%o. We then defined the unit vector of the translated GMWL, w,
18219 5% . We computed the projection matrix, P, such that ww? where w’
62O s§180]ll >0 w2 >

is the transpose of the vector w. We then calculated the projection of all observations and
simulated isotopic values, x = [§2H? §180], onto the translated GMWL, x”, such that x¥ =
Px. MWL was then calculated as the distance between x[,; and x” . The computation of MWL

is shown graphically in the supplemental material (Fig. S2).

such that w =

We calibrated to soils only at sampling locations 2 and 5 to constrain the model with a
topographically dry and wet location (Fig. 1, Table 2). Soil predictions at sites 1, 3, 4, and 6
were used for validation. As our research focus was centered on model representations of
vegetation, we calibrated the model against plant observations made at all sampling locations.

We simultaneously constrained EcH>O-iso parameters (Table 3) to all measurements utilizing
a Markov Chain Monte Carlo approach with the Metropolis Hastings sampler and Generalized
Likelihood (GL) function of Schoups & Vrugt (2010). We ran 20,000 model parameter
evaluations for each of the three proposed model structures. The total number of parameter
evaluations was determined by visually identifying stability in the GL function value. The first
2,000 model parameter evaluations were discarded as the “burn-in” period. This approach
allows multiple datasets to be used for calibration, where each dataset is weighted based on the
magnitude of the residuals and record length (Schoups & Vrugt, 2010). The GL function
provides an objective measure of the distance between simulation and observed time series
while controlling for autocorrelation, heteroscedasticity, non-normality of the resulting
distribution of residuals, and record length. We simultaneously fit hydrologic and plant
dynamic model parameters and a statistical model for residuals (Schoups & Vrugt, 2010).
Model calibration parameters and feasible ranges were selected based on previous calibration
efforts involving EcH>O (Kuppel et al., 2018b) and EcH20-iso (Kuppel et al., 2018a; Douinot
et al., 2019). In contrast to Kuppel et al. (2018a,b) we calibrated species specific RWU profiles
for hemlock and beech through Kroor. The upper limit of Treey (Table 3) for each species was
set to an arbitrarily large value (150 mm) to prevent a priori numerical restriction of a model
parameter of which we have limited prior knowledge. This calibration methodology was
repeated for the ZS, WM, and PF model structures. Finally, we visually compared dxyLeEm
simulations in the dual-isotope space.

Accurate simulation of both plot-scale and catchment-scale processes presents an inherent
challenge for hydrologic models (Clark et al., 2015). The supplemental material presents an
analysis of MCMC parameter evaluations for the WM case (Fig. S3), and a sensitivity analysis
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to examine calibration tradeoffs between catchment-scale and plot-scale measurements (Fig.
S7).

2.5 Water Ages, RWU Transit Times & Tree Storage Residence Times

We estimated transit times of RWU and the mean residence times within hemlock and beech
trees to determine if residence within trees was a significant contribution to total critical zone
water residence times. Within the EcH20-iso model, gross precipitation ages are zero. The ages
of water in storage (i.e., residence times) are increased by one day at the end of each simulated
daily time step (e.g. snowpack, soils, groundwater). All these compartments are simulated as
fully mixed and representative of the bulk dsows. As a result, EcH2O-iso currently only
simulates mean residence times in each storage compartment. In particular, transit times of
RWU are directly derived from the water residence times in all soil layers, weighted
proportionally to each layer’s contribution. Further details on EcH,O-iso water age tracking is
presented in Kuppel et al. (2018a). Residence times presented are the median estimates of all
accepted posterior model parameterizations.

Residence times within trees are computed with respect to the storage of mobile waters within
trees, neglecting any hydraulically immobile water stored in heartwoods. This mobile water
storage volume is assumed to exist as a constant volume 7reey determined through calibration
(Table 3). The mean residence time within tree storage is computed as the mobile water storage
volume provided by trees (the parameter Treey, Table 3) divided by the simulated rate of leaf
transpiration flux. Our methodology assumes that only one outflux of water from trees (i.e. leaf
transpiration) occurs. This approach also assumes that the mobile water storage volume
available within trees is constant, an assumption that is challenged by several existing studies
(Matheny et al., 2015; Cermék et al., 2007; Hao et al., 2013). This simplifying assumption was
chosen to limit model dimensionality. This approach to estimating the mean residence times
applies to both the WM and PF structures.

3. Results
3.1 Model Calibration Results Incorporating Storage and Mixing Dynamics within Trees
3.1.1 Calibration Metrics

Observed precipitation and discharge time series are presented in Fig. 2a. The EcH>0-iso
simulated discharge and stream §'®0 in all model structures (ZS, WM, and PF) provided a
reasonable approximation of the observations (Fig. S4). Modelled daily stream discharge Mean
Absolute Error (MAE) for ZS, WM and PF was 0.02 m’s!. Percent bias for ZS, WM, and PF
was -20.32%, -22.18%, and -23.08% respectively. All three model structures overestimated the
isotopic enrichment of stream water and underestimated the volume of discharge.

We present calibration results of the ZS model to plot-scale measurements of shallow soil (top
10 cm) VWC and dsois (Fig. 2b). Calibration results of the WM and PF models (presented in
the supplemental material) were very similar to ZS. All models performed adequately for the
soil water content (RMSE range = [0.048 m’m™, 0.063 m*m~]) and bulk 3sois (RMSE range
= [2.19 %o, 3.34 %o]) at all locations (Fig. 2b, S5, S6). The seasonality of bulk dsors was
reproduced well across all locations with enriched soil water in the summer and more depleted
water in the cool season. EcH>O-iso simulates immediate, full mixing in each soil compartment
as water percolates, i.e. draws uniformly from all water ages (Kuppel et al., 2018a). This
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approximation resulted in a slight overestimation dsors during the warm season across all sites
(Fig. 2b). As demonstrated in the supplemental material (Fig. S7a) the EcH>O-iso model
parameterization achieved an improved representation of soils and plant xylem at the expense
of catchment scale fluxes (stream discharge).

We present the residuals between the centroids of simulated and observed hemlock and beech
OxvLem for the d-excess and MWL in Table 4. For beech, all three model cases (ZS, WM, and
PF) provided reasonable approximations of dxyLem composition during the summer and spring
at all sites (Table 4; Fig. 3). For hemlock, WM and PF provided stronger approximations of
OxyLem during the growing season, where PF provided the most consistent minimization of
residuals (Table 4; Fig. 4). ZS performed substantially worse for hemlock across all seasons.

At the onset of the fall and the start of rewetting, soil water was rapidly replenished by
precipitation as plant transpiration was reduced. This cool season precipitation rapidly depleted
dsois (Figures 2, S3 and S4). ZS, which assumes tree stored water can be approximated by
same day RWU, resulted in no estimate of dxyLem during the fall for beech as RWU had ceased
(Fig. 3, S7). Similarly, the ZS model provided a poor estimate of the fall dxyrLem observations
for hemlock (Fig. 4, S7). As a coniferous tree species, transpiration in hemlock was simulated
during the fall stem collection; however, the drwu, which draws on the soil water rewetted by
depleted precipitation, was substantially more depleted than dxyrem sampled in the fall (Fig.
4).

The WM and PF models, which simulate a water storage reservoir within the tree, provided
closer agreement between simulated and observed fall 6xyLem for both hemlock and beech
(Table 4; Fig. 3 and 4). For hemlock, the assumption of PF provided the most consistent
minimization of residuals, except for MWL in the spring season (Table 4). In the case of beech
trees the most appropriate model approximation of tree dynamics was less clear with as there
was no consistently strong model structure (Table 4). In spring, all three models performed
approximately evenly for beech. During fall, both WM and PF, performed similarly, with a
slightly better performance by PF. In spring, both WM and ZS models performed well at
reproducing different aspects of beech dxyrem in the dual isotope space (Table 4, Fig. 3).

3.1.2 Influence of Tree Dynamics on Hydrologic and Plant Parameters

The marginal posterior distributions of EcH>O-iso hydrologic parameters for the ZS, WM, and
PF cases are presented in Fig. 5 (all parameter evaluations for WM case presented in Fig. S3).
Posterior distributions of hydrologic model parameters, largely controlling snowmelt and
runoff were consistent between each case. There were slight differences in parameters that
influenced soil water retention and movement w4z and KvKh (Fig. 5). We note that the
differences in structural assumptions concerning tree-dynamics had a negligible influence on
catchment-scale simulation of discharge and dstream (Fig. S4).

The posterior distributions of the EcH>O-iso plant dynamics parameter yp was relatively stable
across the ZS, WM, and PF model structures (Fig. 6). Estimates of the optimal growth
temperature (7opr), maximal stomatal conductance (gsma), maximum canopy water storage
(CWSmax), and the light extinction coefficient (Kpzers) varied across the model structures. For
the ZS, WM, and PF cases the root water uptake depth distribution parameter, Kroor, suggested
substantial differences between hemlock and beech. The WM assumption led to a Kroor value
indicating shallower soil water uptake by beech, whereas the PF case indicated deeper RWU.
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For both the WM and PF model structures, Treey differed by species with hemlock possibly
providing a larger internal reservoir than beech (Fig. 6). The estimated mobile water storage
volume within hemlock trees was fairly consistent between each model structure, around 75
mm (rainfall equivalent depth). Estimated storage provided by beech trees differed between
WM (~25 mm) and PF (~50mm) (Fig. 6). Calibrated Treey values for the coniferous hemlock
were roughly an order of magnitude greater than the xylem-storage estimated for Scots Pine by
Urban et al. (2015).

3.3 Influence of Internal Tree Mixing Dynamics on Critical Zone Residence Times

We utilized the median of accepted model simulations to estimate the mean 2017 growing
season soil and tree storage residence times for hemlock and beech under the assumptions of
WM and PF (Fig. 7). Both model structures produced similar mean transit times of RWU and
mean residence times within hemlock and beech. The residence times of soil waters taken up
by plant roots varied from approximately 50 to 250 days throughout the growing season, with
these water ages increasing with topographic wetness as soil water storage and mixing
increases (Fig. 7). The peak growing season (June — August) tree storage residence times for
hemlock varied from 20 to 100 days, and 5 to 50 days for beech in both the WM and PF models.
Simulated residence times increased from September through March at all sampling locations
as a result of decreased transpiration rates.

4. Discussion
4.1 Model Calibration Incorporating Storage and Mixing Dynamics within Trees

This analysis was centered on 99 and 108 dxyrLem samples of beech and hemlock, respectively.
Observations provided a strong spatial coverage across a gradient of TWI, but only at three
points in time across the growing season. Previous studies have demonstrated that variations
in RWU and transpiration can occur over several hours (e.g., Nehemy et al 2019; Volkmann et
al., 2016; Yoshimura et al., 2006). Though our analysis formally acknowledges uncertainty in
parameter estimation (Figures 3, 4, 5, and 6), our results and the following discussion are
predicated on the structure of EcH»>O-iso and our representations of tree-water storage as
adequate abstractions of relevant ecohydrological processes. Future research should more
critically evaluate RWU and mixing with more frequent measurements of dxyrLem through time,
and explore the possibility of time varying ecohydrologic parameterizations or more
physically-based representations of RWU demand that adequately describe temporal variations
in RWU (e.g. Mackay et al 2020).

Simulation of tree reservoir volumes (in the WM and PF models) produced a better fit to
observations of dxyrem than ZS, particularly in the fall season for both hemlock and beech, as
the trees entered dormancy and the catchment soils were recharged with depleted precipitation
(Table 4). The WM and PF assumptions both provided reasonable estimates of dxyrem within
both hemlock and beech across all seasons, though PF more consistently minimized residuals
for hemlock (Table 4). Previous observations that the mean residence time of a conservative
tracer exceeded the root to leaf arrival time within trees (Meinzer et al., 2006) suggest that
perfect PF is not occurring within the trees. Deciduous trees possibly mobilize younger xylem
during periods of soil water availability and older xylem during soil water limitation (Matheny
et al., 2015). These studies, while refuting perfect PF, also do not well describe WM. Our
research suggested that for hemlock the more appropriate representation of internal mixing was
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PF. In reality, internal mixing and diffusion likely occur, resulting in storage dynamics
characterized somewhere between the WM and PF assumptions.

Within beech trees the most appropriate assumption for tree storage dynamics was less clear,
given observations of dxyLewm in the spring and summer. Posterior distributions of tree storage
under the WM and PF assumptions suggested that the reservoir provided by beech trees was
substantially less than that of hemlock (Fig. 6). If beech tree xylem storage is in fact lower than
hemlock, we would anticipate reduced sensitivity to the representation of mixing dynamics
within beech relative to hemlock, possibly explaining the lack of a clearly optimal model
structure for beech (Table 4, Fig. 6). It is possible that the reproduction of dxyrLem within a
hydrologic modeling framework is a consideration that should be reserved for the simulation
of trees with large dynamic-storage capacities. Dynamic storage and mixing, particularly
within deciduous trees (Matheny et al., 2015), is likely more complex than the model structures
presented here. We hypothesize that these characteristics will vary by species and stand age.
Alternate model structures, such as those accounting for back diffusion of enriched leaf water
(Yoshimura et al., 2006) should be explored.

4.2 Implications for Estimating RWU Depth Distributions

We obtained significantly different RWU depth demand profiles (as represented by the Kroor
parameter) for beech when the representation of tree storage and mixing was changed between
ZS, WM, and PF (Fig. 6). This result calls into question the EMMA approach for estimating
the sources of RWU, as simulated dxvrem of both hemlock and beech were influenced not only
by Kroor, but also by the simulated tree storage volumes (Fig. 6), and time lags between dxyLeEm
and Orwu. In the absence of additional data to constrain internal plant hydraulics, measurements
of dxyrem and dsors alone may not provide meaningful information on RWU depth profiles.
We may therefore improve our understanding of soil-root interactions through modelling
approaches constrained by multiple hydrologic and meteorological observations (e.g. Knighton
et al., 2020; Kuppel et al., 2018b), by more detailed biological measurements such as LAI,
transpiration rates, and biomass (Douinot et al., 2019) and photosynthesis rates (Peaucelle et
al., 2019). Insights into RWU could be gained through direct observation of subsurface flows
(e.g. Jackisch et al., 2017) and prior knowledge of the functional traits of tree roots (Comas et
al., 2009; Kattge et al., 2011). There are likely to be advantages to considering tree storage and
mixing when attempting to interpret dxyLewm, particularly during periods of low transpiration,
similar to the findings of Yoshimura et al (2006) and Wen et al (2016).

As demonstrated by Phillips et al. (2003), Kocher et al. (2013), Cermék et al. (2007), and Urban
et al. (2015), same-day RWU is the major contributor to daily transpiration of both coniferous
and deciduous trees during the growing season in temperate and Mediterranean climates;
whereas the tree-storage contribution during periods of low transpiration can be much larger
(Hao et al., 2013). We anticipate that the simplification obtained by assuming ZS (and therefore
EMMA methodologies for estimating RWU depths) would be most valid during periods of
high transpiration and at locations with high soil water contents, whereas errors would grow at
upslope locations and during periods of reduced soil water availability. The primary
consideration for incorporating tree storage and mixing dynamics likely centers on the
hydraulic storage capacity provided by the trees relative to the rate of RWU and transpiration.
The choice of appropriate model structure is likely to be highly variable between hydroclimates
and tree species.
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Matheny et al. (2017) proposed that proper representation of plant dynamics could aid the
parameterization of hydrologic models. Peaucelle et al. (2019) demonstrated that constraining
an ecohydrological model with hydroclimatic observations yielded ecologically coherent
model parameterizations. Mirfenderesgi et al. (2016) demonstrated that simulation of above
ground tree water storage within hydrologic models improved estimates of stomatal
conductance. Our conclusion is similar to these studies in that beech ggm. estimates derived
within the WM and PF model structures were much closer to previously observed maximal
stomatal conductances (Schéfer et al., 2000) than the calibrated values of the ZS model (Fig.
6). ZS, WM, and PF all yielded reasonable gym. estimates for hemlock (Domec et al., 2013;
Fig. 6). Improved model structures accounting for tree water storage will likely aid the
incorporation of dxyLem data in model parameter estimation efforts for ecohydrological and
Earth system models.

4.3 Implications for Critical Zone Residence Times

Previous studies have estimated time lags between RWU and transpiration. Gaines et al. (2016)
estimated growing season residence times of four deciduous tree species in Pennsylvania
(approximately 200 km due south of our study catchment) as 5 to 22 days. In an artificial
experimental mesocosm, Evaristo et al. (2019) estimated precipitation to transpiration transit
times of tropical tree species of 17 to 62 days. Graefe et al. (2019) estimate residence times of
five tree species in a dry forest ecosystem in Ecuador of 11 to 22 days. Within two coniferous
species Meinzer et al. (2006) estimated residence times between 36 to 79 days. Our estimates
of within-tree residence times were of similar order of magnitude to these studies. Accounting
for the residence time within trees, as a component of the total critical zone residence time of
transpired waters within this study catchment, increased estimates from 5% to 100% depending
on tree species, season, and topographic position. This comparison broadly suggests distributed
isotope-aided hydrologic models which explicitly simulate tree-dynamics may aid
development of more complete estimates of critical zone residence times.

4.4 Ecohydrologic Modeling Framework

We simultaneously fit our model to several plot-scale observations (soil moisture content,
dsoiLs, and dxyrem) as well as catchment-scale observations (stream discharge, dstream). The
reproduction of the hydrologic cycle within the study period was reasonable (e.g. Fig. 2b; S4);
however, some limitations must be discussed.

Across larger spatial scales, averaging over spatial heterogeneities has led to errors in the
allocation of net land surface energy into latent heat fluxes, and further issues in partitioning
latent heat losses between evaporation and transpiration (Rouholahnejad Freund et al., 2017;
Chang et al., 2018). A 10 m horizontal grid resolution was selected to balance the spatial
representation of water storage and fluxes with model computational demand. This horizontal
grid, which averages over some topographic features, possibly led to some spurious results
with respect to soil water content, dsoiLs, and dxyLem, which the MCMC algorithm attempted
to fit. The greater abundance of plot scale measurements used for calibration (n = 820) likely
overwhelmed the information content of the catchment-scale measurements (n = 538) in the
GL function used for calibration (see Sect. 2.4) and led to a bias towards accurate reproduction
of the plot-scale (Fig. S7a). Stronger reproduction of plot-scale fluxes possibly indicates issues
of scale-dependence within this model as described in Clark et al. (2017). Relatively poorer
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representation of catchment-scale water and isotopic fluxes could indicate the accumulation of
grid-scale model structural errors as water propagated downstream across cells.

Several important simplifications within our sampling design and the model structure of
EcH>0-iso possibly influenced our conclusions. First, we assumed that extracted stem water
was representative of mobile tree stored water in order to maintain a simplistic approach to the
numerical representation of tree-stored water. As demonstrated by Zhao et al (2016) and De
Deurwaerder et al (2019), there exists the possibility of isotopic variations within stems. Low
variation in observed 6xyrLem of both hemlock and beech at each location (Figures 3 and 4)
suggested that this simplification was reasonable. Second, we assume that RWU is a non-
fractionating process. Though some research has presented evidence for fractionation by RWU
(e.g. Ellsworth and Williams, 2007; Vargas et al., 2017), this approach is common (Penna et
al., 2018). Third, overestimation of the isotopic composition of spring and fall discharge (Fig.
S4) was possibly attributable to the model assumption of complete percolate mixing (Kuppel
et al., 2018a). Knighton et al (2019a) provided evidence for preferential recharge during
snowmelt in the studied catchment, which would likely lead to a more depleted contribution of
shallow groundwater to stream discharge. This could also be related to underestimation of the
groundwater contribution. Future research on EcH>O-iso may investigate the representation of
snowpack accumulation and possible trade-offs between the simulation of plot-scale snow and
catchment-scale discharge.

Finally, while EcH>O-iso accounts for variability in RWU depth as water availability fluctuates
within soil layers, the model incorporates the assumption that RWU depth-demand profiles, as
defined by the Kroor parameter, are time-invariant throughout each simulation. Knighton et al.
(2019a, b) and Mackay et al (2020) provided evidence that some coniferous trees shift RWU
demand to deeper layers through periods of shallow soil water deficit. Recent studies have
supported seasonal variations in RWU demand plasticity across a variety of tree species
highlighting compensation mechanisms between wetter and water-limited layers (e.g. De Jong
Van Lier et al. 2008; Javaux et al. 2008; Nehemy et al., 2019; Brinkmann et al., 2019). Brum
et al (2019) and Knighton et al (2020) suggested that mixed species forests enhance RWU,
possibly reflecting the development of complementary rooting strategies of forest stands. The
assumption of a time-invariant RWU demand profile therefore likely contributed some
structural uncertainty affecting RWU estimates that is difficult to assess with the sampling
design of this study. Future research should incorporate more process-based ecohydrological
simulation approaches that adequately reflect RWU responses to water limitation and
vegetation root responses neighboring species.

5. Conclusions

Understanding the depth distribution of root water uptake (RWU) is critical to tracing water
fluxes and ages through the critical zone. Despite the importance of plant roots in mediating
stored soil water, relatively little is known about tree RWU. Recent studies involving stable
water isotopic observations of soils and xylem waters as well as studies investigating tree water
storage have challenged methodological assumptions within EMMA, particularly for water or
energy limited settings with reduced transpiration (e.g., Penna et al., 2018).

We investigated the importance of tree water storage and internal mixing in the interpretation
of dxvLewm for understanding the depth distribution of RWU and estimating critical zone water
residence times. We performed a case study of the EcH>O-iso model applied to a small
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temperate catchment with a high density of both Eastern Hemlock (hemlock) and American
Beech (beech). We modified EcH>O-iso to simulate three cases: 1) no tree water storage (ZS;
assuming Srwu is representative of dxyLem, in line with the assumptions of EMMA), 2) well-
mixed storage (WM; assuming trees are well mixed reservoirs) and 3) storage with piston flow
(PF; assuming transpired water is always the oldest stored water). We fit each model structure
to a set of hydrologic measurements, including three seasonal collections of hemlock and beech
dxyLem made across a hillslope, through a Markov-Chain Monte Carlo methodology.

The WM and PF models provided stronger agreement between simulated and observed summer
and fall dxyLem for both hemlock and beech than did the ZS case. The two approximations of
internal tree-water mixing (WM and PF) yielded similar results for both beech and hemlock.
Finally, we demonstrated that accounting for tree-storage residence times in both hemlock and
beech increased estimates of critical zone residence times.

Our results suggest that there are likely to be advantages to considering tree storage and mixing
when attempting to interpret 6xyrLem in the estimation of RWU depths and critical zone water
residence times, particularly during periods of low transpiration. Accounting for aboveground
tree-water storage will likely improve how OxyLem measurements can inform the
ecohydrological models currently called for in the community (e.g. Penna et al, 2018),
eventually yielding more accurate estimates of plant-water strategies in critical zone and Earth
system models.

6. Data Availability

All study catchment hydrologic measurements are archived in the CUAHSI HydroClient
database (https://data.cuahsi.org/) under the project CUISO (Knighton et al. 2019c).
Hydrologic data may be accessed via the map application (latitude 42.42°, longitude -76.32°).
The source code of the EcH20-iso model used in this study is based on the branch
master KrootVeg available on the online repository https://bitbucket.org/sylka/ech2o _iso/.
Post-processing tools to compute the above-ground tree water storage are available on the
online repository https://github.com/jknigh0813/TreeStorageMixing.
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sampling locations (numbered) correspond to Fig. 1.
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Fig. 2 — Time series of a) precipitation, catchment discharge and isotopic composition, and
b) Zero Storage (ZS) case calibration results for soil Volumetric Water Content (6) and soil
isotopic composition (0SOILS) of the upper (10 cm) soil layer (median — blue, 90%
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was not taking up soil water at that time.
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Tablel — Properties of soil and plant sampling locations. Soil properties are representative of
the top 30 cm. Plant densities were measured within a 6 m radius around the soil sampling
location. * beech individuals existed just beyond the 6 m radius.

Location TWI Sand (%) | Clay (%) | Beech (m?) Heml‘;)c K (m
1 1.45 66 11 0.013 0.034
2 3.58 66 12 0" 0.04
3 5.5 77 11 0.013 0.027
4 8.4 71 12 0.014 0.034
5 10.2 76 8 0.02 0.027
6 12.48 76 5 0.02 0.027

Table 2 — Observed data and residuals used for model calibration

. . Field Model Time
Residual Metric Locations Compartment Interval
Discharge mm'day™, 3'%0 (%o) Outlet Outlet Daily
Snowpack SWE (mm) SWE (pixel) | SWE (pixel) Weekly
Soil Water (top 10 VWC (%) 2.5 Upper 10 cm Weekly
cm) (pixel)
Bulk dsors (top 10 5150 (%0) 2.5 Upper 10 cm Weekly
cm) (pixel)
Beech xvlem water d-excess (%o), MWL 1,2,3,4,5, | NS, WM, PF Seasonal
il (%0) 6 (pixel)
Hemlock xylem d-excess (%0), MWL 1,2,3,4,5, | NS, WM, PF
. Seasonal
water (%0) 6 (pixel)
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both hemlock and beech.

Table 3 — EcH:0-iso parameters used for model calibration. Plant parameters were fit for

Parameter | Module Description Units Range
n hydrologic soil porosity m’m> | (0.3, 0.6)
o hydrologic albedo - 0, 1)
Cmecr | hydrologic snowmelt coef. m!steCt | (0, 3e7)
WAE hydrologic air entry pressure head m 0,1
BCy hydrologic Brooks Corey exponent - (0, 12)
. saturated horizontal soil -
KErF hydrologic conductivity m's (0, 1e-3)
. ratio of vertical to horiz.
KvKh hydrologic Kerr - 0, 1
maximum stomatal L
ESmax plant conductance m's (0,0.05)
Topr plant optimal growth temperature °C (0, 30)
soil water potential halving
Vo plant stomatal conductance m ©0.8)
CWS iy plant maximum canopy water m'LAT (0, 5¢-3)
storage
Ksrer plant light extinction coefficient - 0, 1)
Kroor plant RWU profile m’! (0, 30)
Treey plant tree storage volume of mm (0, 150)

mobile water
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