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Abstract20

The selective use of seasonal precipitation by vegetation is critical to understanding the res-21

idence times and flow paths in watersheds, yet there are limited datasets to test how climate22

alters these dynamics. Here, we use measurements of the seasonal cycle of tree ring δ18O for23

two widespread conifer species in the Rocky Mountains of North America to provide a multi-24

decadal depiction of the seasonal origins of forest water use. The results show that while the25

conifer tree stands had a dominant preference for use of snowmelt, there were multi-annual26

periods over the last 4 decades when use of summer precipitation was preferential. Utiliza-27

tion of summer rain emerged during years with increased snowfall and tree growth, suggest-28

ing that summer rain enhanced the transpiration stream only during the periods of highest wa-29

ter use. We hypothesize this could be explained through shallowing of the root profile during30

wetter periods and/or through the effects of the water table depth on the residence time of sum-31

mer precipitation in the root zone. We suggest the tree ring proxy approach used here could32

be applied in other watersheds to provide critical insight into the temporal dynamics of plant33

water use that could not be inferred from short measurement campaigns. These data on the34

seasonal origins of forest water are critical for understanding forest vulnerability to drought,35

the processes that affect precipitation pathways and residence time in watersheds and the in-36

terpretation of tree ring proxy data.37

1 Introduction38

Ecosystems often display multi-annual legacy effects as illustrated by the fact that tree39

ring widths tend to display lower frequency variability than limiting factors for productivity40

such as precipitation or temperature (Bunde, Büntgen, Ludescher, Luterbacher, & Von Storch,41

2013; Esper, Schneider, Smerdon, Schöne, & Büntgen, 2015). One interpretation of this low42

frequency behavior is that it reflects biotic processes such as the use of a previous year’s non-43

structural carbon pool or changes in leaf area that affect photosynthesis for subsequent sea-44

sons (Bréda, Huc, Granier, & Dreyer, 2006; Franke, Frank, Raible, Esper, & Brönnimann, 2013;45

Sala, Gherardi, Reichmann, Jobbagy, & Peters, 2012). However, year-to-year persistence in above-46

ground productivity may also emerge abiotically through the dynamics of subsurface hydrol-47

ogy such as the lagged and sustained response of water table depths or deep soil moisture con-48

tent to precipitation variability (Amenu, Kumar, & Liang, 2005; Bierkens & Van den Hurk,49

2007; Kumar, Newman, Wang, & Livneh, 2019; Maxwell & Kollet, 2008). It follows, if plants50

are relying on deeper soil moisture or water pools held in low matric potential pores with long51

residence times, then multi-annual persistence in ecosystem productivity could emerge through52

the delayed and sustained response of soil hydrology to surface climate (Ghannam et al., 2016;53

Rempe & Dietrich, 2018). A number of studies using water isotopic tracers (Dawson & Pate,54

1996; Zhang, Evaristo, Li, Si, & McDonnell, 2017) and root excavations (Fan, Miguez-Macho,55

Jobbágy, Jackson, & Otero-Casal, 2017) have observed that maximum rooting depths often track56

the water table depth suggesting plants actively subsidize their water demands with older and57

deeper water pools. These observations support modeling results, which indicate that in or-58

der to accurately capture spatial patterns in transpiration and the response of terrestrial ecosys-59

tems to precipitation variability, it is imperative to account for precipitation from previous sea-60

sons or years (Ferguson, Jefferson, Maxwell, & Kollet, 2016; Maxwell & Condon, 2016; Maxwell,61

Condon, Danesh-Yazdi, & Bearup, 2019).62

Although the ability for plants to utilize deeper water pools is a widespread adaptation,63

the extent to which plants actively rely on these legacy water reservoirs is difficult to constrain.64

Some studies have suggested that trees can switch between use of deep and shallow water reser-65

voirs depending on water availability (Dawson & Pate, 1996), while other studies have shown66

that species consistently rely on deeper water to minimize competition (Anderegg, Anderegg,67

Abatzoglou, Hausladen, & Berry, 2013; Nardini et al., 2016). Attempts to understand the dy-68

namics of this behavior have periodically taken advantage of precipitation exclusion experi-69

ments to force surface soil moisture deficits (Romero-Saltos, Sternberg, Moreira, & Nepstad,70

2005), which have shown that root water uptake can have a threshold-like response to drying71

of surface soil moisture (Grossiord et al., 2017). The available observations suggest the wa-72
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ter use behaviors of trees can be diverse between sites and species, which likely reflects the73

interplay between subsurface hydrological characteristics, species competition, physical prop-74

erties of the soil, physical and nutrient limitations on root growth, and the availability of car-75

bon pools to invest in root development.76

Much of the existing work on understanding plant water use has relied on the use of sta-77

ble water isotopes (δ18O and δ2H) to trace the depth and seasonal origins of water uptake. A78

rigorous assessment of the isotopic ratio of soil water in the Shale Hills Critical Zone Obser-79

vatory by Thomas et al. (2013) showed that surface soil water had an isotopic ratio that closely80

followed recent precipitation and the seasonal signal attenuated and approached groundwater81

values with increasing depth. In regions such as the western US where recharge occurs from82

winter snowpack, a strong isotopic gradient emerges during the growing season because the83

surface and deep soil waters originate from summer and winter season precipitation, respec-84

tively (Hu, Moore, Burns, & Monson, 2010; Martin, Looker, Hoylman, Jencso, & Hu, 2018).85

However, the idealized case where isotopically enriched summer precipitation is layered atop86

isotopically depleted winter precipitation is often disrupted by processes such as rapid pen-87

etration of rain through preferential flow paths, hydraulic redistribution, lateral flow and wa-88

ters of distinct seasonal origins being held selectively according to pore size (Berry et al., 2018;89

Brooks, Barnard, Coulombe, & McDonnell, 2010; Dubbert & Werner, 2019; Sprenger, Llorens,90

Cayuela, Gallart, & Latron, 2019; Thomas et al., 2013). Furthermore, the presumably simple91

transfer of the isotopic ratio of precipitation to the surface soil water can be affected by evap-92

orative enrichment of the surface water and precipitation throughflow effects as precipitation93

interacts with the canopy (Goldsmith et al., 2019).94

These aforementioned studies capture a small cross section of new works that have col-95

lectively challenged the idea of using stable water isotopes in the xylem as a simple tracer for96

depth of water uptake (Sprenger, Leistert, Gimbel, & Weiler, 2016). Despite this evidence of97

complexity in depth and spatial pattern of soil water isotopes, other recent work has found more98

homogenous patterns in the isotopic ratio of plant water, suggesting some of the isotopic het-99

erogeneity observable within soil water profiles might be buffered as the signal is transferred100

to plants (Goldsmith et al., 2019). The extensive survey of xylem waters across Switzerland101

by Allen, Kirchner, Braun, Siegwolf, and Goldsmith (2019), noted that across a large domain102

the trees appeared to rely almost exclusively on winter precipitation. This observation could103

reflect multiple interacting processes including: the ubiquitous reliance of trees on deeper wa-104

ter pools; deeper water from a previous season migrating upward into the root zone; winter105

precipitation being retained in micropores; or that summer precipitation evaporated or passed106

through the root zone in macropores. Nonetheless, the common use of winter precipitation by107

trees strongly supports the role of soil hydrology in adding a seasonal or even interannual legacy108

component to ecosystems (Kumar et al., 2019).109

The existing studies on plant water use have generally taken advantage of spatial surveys110

or intensive studies over the course of a few growing seasons to infer the patterns of plant wa-111

ter use. There are limited data to test how these dynamics might evolve over longer timescales112

in response to stressors such as decreases in spring snowpack or rising evaporative demand113

(Mote, Li, Lettenmaier, Xiao, & Engel, 2018; Restaino, Peterson, & Littell, 2016). For exam-114

ple, existing data on water use by conifers in the western US have indicated that snowmelt,115

the predominant source of regional recharge, is the primary reservoir to support forest water116

demand (Bowling, Schulze, & Hall, 2017; Hu et al., 2010; Marshall & Monserud, 2006; Mar-117

tin et al., 2018; Phillips & Ehleringer, 1995). However, the snapshots provided by these stud-118

ies do not indicate how reliance on this water source has varied in response to region-wide119

changes in the snowpack or lengthening of the growing season. In one scenario, plants might120

conserve their total water use by modifying their water source, such as increasing use of sum-121

mer rain. We refer to this as water-use plasticity where through either adjustments in the root122

systems or changes in the residence time and pathway of seasonal precipitation vectors, the123

seasonal origins of the water used by the trees evolves. In an alternative scenario, trees con-124

serve their reliance on winter precipitation, which we refer to as the persistence scenario, and125

seems to be consistent with the ubiquitous use of winter precipitation as described by Allen126

et al. (2019). To study these dynamics, decadal length datasets of plant water use are needed127
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because many of the relevant subsurface processes such as residence time of deep water pools128

(Ghannam et al., 2016) and the turnover time of fine roots (Matamala, Gonzalez-Meler, Jas-129

trow, Norby, & Schlesinger, 2003) have multi-annual timescales. Therefore, the ecohydrolog-130

ical response time and/or adjustment to change may lag the forcing and persist for years af-131

ter the stressor has been removed.132

One approach to studying longer term dynamics in plant water use is through measure-133

ments of δ18O cellulose. Tree ring δ18O captures a mixed signal of the vapor pressure deficit134

(VPD) at the leaf-atmosphere interface and the δ18O of the plant’s source water (Burk & Stu-135

iver, 1981; Gessler et al., 2014; Roden, Lin, & Ehleringer, 2000). Higher VPD (or lower RH)136

acts to enrich the isotopic ratio of the leaf water and cellulose whereas changes in the source137

water have a proportionate influence on the cellulose. In conditions where the source water138

is constant, timeseries’ of cellulose δ18O can provide a robust proxy for VPD (Kahmen et al.,139

2011). Alternatively, if VPD is held constant, such as for aquatic plants (DeNiro & Epstein,140

1981), the isotopic ratio of cellulose is a proxy for the isotopic ratio of the source water. In141

most terrestrial ecosystems, both of these variables change over time and the signal embed-142

ded in the cellulose is convolved. To address this, an estimate of one or the other variable (i.e.143

VPD or source water) is needed. In instances where an annual or multi-annual average of δ18O144

is used, it is often assumed that the relative variability of VPD is larger than δ18O of source145

water. Therefore, changes in the isotopic ratio of signal are more strongly affected by canopy146

conditions than plant water use (Helliker et al., 2018). However, when annual growth rings147

are subsampled to produce seasonal cycles in δ18O, changes in the source water over the grow-148

ing season may be large enough to supersede the effects of changing VPD. In the western US,149

for example, the isotopic ratio of precipitation may vary by as much as 15‰ through the year150

(Buenning, Stott, Yoshimura, & Berkelhammer, 2012) and thus shifting use of winter or sum-151

mer precipitation would impart an isotopic difference between cellulose formed early and late152

in the growing season. Treydte et al. (2014), for example, found that seasonal trends in tree-153

ring δ18O predominantly mirrored trends in the source water, including recent precipitation154

and soil water pools, while short term variations from needle-water 18O enrichment had much155

less of an effect.156

In the following study, we use stable isotopic measurements of tree-ring cellulose to look157

at 4 decades of plant water use for two dominant conifer species (Abies lasiocarpa and Picea158

engelmannii) in the Rocky Mountains of Colorado, USA. The study was motivated by the ques-159

tion of how recent declines in spring snowpack have modified the water use patterns of forests160

in the region. To accomplish this, we analyzed the seasonal cycle of cellulosic δ18O at two161

nearby forest stands sites in Colorado, USA. We then used a clustering analysis to organize162

the seasonal cycles based on their shape and a mechanistic model to classify the shape of the163

seasonal cycle into the type of water use pattern used by the tree during that growing season.164

After classifying the water use pattern for each of the last 40 years, we analyzed how tree wa-165

ter use has varied in response to snowpack variations. We found that while snowmelt was the166

primary water source for these trees, summer rain emerged as a critical water source during167

the periods of highest snowpack. This suggests that selective uptake or outflow of summer pre-168

cipitation through watersheds will depend on the snowmelt inputs from the previous years. Al-169

though there are challenges to inferring plant water use from cellulose, the results show how170

this technique could be useful for understanding plant water use dynamics even in minimally171

instrumented watersheds.172

2 Methods173

2.1 Sampling of water isotope reservoirs174

During the 2016 growing season, comprehensive isotope sampling was conducted in a175

mixed stand of trees (Abies lasiocarpa, Picea engelmannii and Populus tremuloides) along Cop-176

per Creek in Gothic, CO (38.9592◦N, longitude: 106.9898◦W and elevation: 2880 m) (Fig.177

1). During the field season, approximately weekly sampling of soils and stems was done within178

or nearby the tree stand. Living stems were cut from the tree, the material near the leaves was179
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removed and the remaining sample was debarked. Soils were generally dug from two depths180

(0-10 cm and 10-20 cm) and periodically deeper soils were sampled using a bucket auger. Stem181

and soil samples were bagged and frozen shortly after collection. Water was extracted from182

both soil and xylem using a batch extraction method where samples were sealed in a glass tube183

and placed between two bored-out aluminum blocks (Vendramini & Sternberg, 2007). One of184

the blocks was heated, which drove water off the sample, and the other side was cooled to con-185

dense the moisture. The method was modified for field deployment in the following ways: (1)186

instead of a liquid nitrogen cold trap, we used a peltier cold plate kept close to -10◦C, (2) a187

pair of 1” glass tubes with threaded ends enclosed the sample using a teflon union, which re-188

moved the need to seal the samples with a torch and allowed the tubes to be cleaned and re-189

used and (3) after samples were sealed, vacuum was applied through a ball valve threaded into190

the union. The system was left overnight in this configuration to ensure all water was driven191

off the samples. Tests where soil was vacuum dried and then re-wet with a known quantity192

of water were used to ensure that this method produced greater than 95% water yield.193

To mitigate the effects of hydrocarbon contaminants on the isotope spectroscopy, acti-194

vated charcoal was added to the extracted water, which was covered with Parafilm and left for195

multiple hours. Following this, the samples were filtered to remove any particulates and then196

passed through a Solid Phase Extraction membrane to remove additional volatile compounds197

(Chang, Wolf, Gerlein-Safdi, & Caylor, 2016). Water samples were then analyzed on a Picarro198

Inc. L2130-i isotopic analyzer using an autosampler and vaporizer, which was maintained at199

110◦C. Samples were analyzed 8 times and ChemCorrect software was used to remove any200

spectral interferences. Following this, a memory correction (in the form of a double exponen-201

tial fit) was applied to remove the influence of the previous sample and the final three injec-202

tions from each sample were then averaged and normalized to the VSMOW scale using three203

in-house standards that were run prior to and during each run. We ran numerous tests of the204

system by vacuum drying soils from the site and rewetting them with a water of a known iso-205

topic value. We determined an uncertainty of ∼0.5‰ in δ18O based on repeat analysis of the206

soil extraction system. An additional analysis was conducted where 26 soil samples were col-207

lected from a small grid nearby the field site. This was done to assess how both micro-scale208

hydrology affects the soil water isotopic ratios and the repeatability of the measurements con-209

sidering sample handling, extraction and isotopic analysis (Johnson et al., 2017). The standard210

deviation of these samples was 1.1‰ , which is similar though slightly smaller than the value211

of 1.7‰ found in a similar experiment by Goldsmith et al. (2019). We use this value as the212

presumed uncertainty of the soil water isotopic measurements.213

To quantify the effect of alcohols and other volatile compounds on the xylem water sam-214

ples, duplicate analysis on a subset of samples was done on both the laser system and with215

an isotope ratio mass spectrometry (IRMS). These samples were pyrolyzed at 1400◦C in a Ther-216

moFisher TC/EA and the resulting CO was introduced into a ThermoFisher Delta Plus IRMS217

through a Conflo II interface. Samples were calibrated using two in-house water standards. There218

was no systematic bias between the samples measured by the laser and the IRMS techniques.219

The observed differences were, on average, smaller than the repeatability uncertainty (i.e. ex-220

traction, processing and isotopic analysis). We take a conservative approach by averaging mul-221

tiple samples to generate aggregated estimates of isotopic ratios and focus discussion only on222

high amplitude signals (i.e. ≥1.1 ‰ in δ18O). Because isotopic analysis on the IRMS was done223

for δ18O, we hereafter only discuss variability in terms of oxygen isotopes.224

Weekly precipitation samples were obtained from the following nearby US Department225

of Agriculture, National Atmospheric Deposition Program (NADP) sites: Gothic, CO (NADP226

ID: CO10, latitude: 38.956◦N, longitude: -106.986◦W, elevation: 2915 m), Sunlight Peak (NADP227

ID: CO92, latitude: 39.4264◦N, longitude: -107.3799◦W, elevation: 3218 m) and Four Mile228

Park (NADP ID: CO08, latitude: 39.4025◦N, longitude: -107.3454◦W, elevation: 2502 m) (Fig.229

1 and Table S2). Samples from Gothic were obtained for the 2016 growing season whereas230

data from the other sites extended from 2007 to 2017 (Table S2). The accumulated annual April231

1 snowpack from 1993 through 2016 at Sunlight Peak, CO and Four Mile Park, CO were ex-232

tracted from the Anderson, Berkelhammer, and Mast (2016) database. Weekly stream water233

samples were collected from Copper Creek, which flows near the tree stand and groundwa-234
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ter was collected from regularly sampled from three wells in Gothic, CO. The isotopic ratio235

of snowpack, groundwater and precipitation were all determined using the same Picarro Inc.236

analyzer as used for the xylem and soil water samples. Water vapor isotopic ratios were mea-237

sured continuously and binned to a 30-minute resolution from an inlet installed on a 10 m tower238

at the EPA instrument trailer in Gothic, CO during May and June of 2016. Details of the ap-239

proach to continuously measure the isotopic ratio of water vapor have been described elsewhere240

(Berkelhammer et al., 2016). The aggregated isotopic data discussed above was utilized in two241

ways. Firstly, we used the xylem and soil water isotopes for 2016 to develop direct observa-242

tional constraints on the reliance of winter and summer precipitation by the trees over the course243

of a single growing season. Secondly, we used the longer precipitation, snowpack and vapor244

samples as inputs to a mechanistic model (as described in Section 2.4) to understand how chang-245

ing water use patterns would influence the seasonal cycle of the isotopic ratio of cellulose.246

2.2 Measurements of isotopic ratio of cellulose247

During 2015 and 2016, 19 tree cores were collected using a 5 mm increment borer from248

stands near Copper Creek in Gothic, CO and nearby the Ziegler Reservoir in Snowmass, CO249

(39.2075◦N, 106.9648◦W) (Brown, Nash, & Kline, 2014) (Fig. 1). Cores were taken at each250

site from 4-5 mature A. lasiocarpa and P. engelmannii trees that were selected based on hav-251

ing similar diameters, occurring away from the edge of the stand and a healthy appearance.252

Cores were sanded, scanned, rings counted and widths measured using an image-processing253

script. Width chronologies were standardized by removing the geometric effect of increasing254

stem circumference using a low frequency filter. The resulting ring widths were normalized255

and all cores averaged to produce a composite ring width chronology. From the 19 tree cores256

collected and used for the ring width measurements, 9 were chosen for isotopic analysis based257

on having the highest correlation coefficient with the composite ring width chronology. This258

subsetting from the full collection was done to minimize analytical costs of isotopic analysis259

while still providing a large population of data for subsequent analysis. Tree cores were sliced260

starting from the most recent rings and working towards the inner ring (Fig. 2). Individual slices261

were combined until 1.0 to 1.2 mg of sample was accumulated, which was the minimum size262

that would allow sufficient material for isotopic analysis following cellulose extraction. Of the263

∼330 rings associated with the 9 tree cores from 1980-2016, 135 yielded a sufficient number264

of samples to be included in the analysis (≥5 per ring) (Schubert & Jahren, 2015). A regres-265

sion between the number of rings per year and ring width show that the analysis was not weighted266

towards use of years with wide rings (Fig. S1). Each wood sample was then powdered and267

the cellulose extracted from the whole wood using the Brendel method (Anchukaitis et al., 2008;268

Berkelhammer & Stott, 2012). Briefly, samples were heated in a mixture of acetic and nitric269

acid to remove non-cellulosic material and then subjected to subsequent washes with ethanol,270

deionized water and acetone. Samples were then dried for 1 hour in a drying oven, left overnight271

in a vacuum oven and stored in a desiccator. The cellulose yield was generally between 40-272

60% of the initial wood mass.273

Isotopic analysis of the cellulose was conducted at Northwestern University, Northern274

Illinois University and University of Illinois at Chicago stable isotope labs following similar275

procedures. Between 0.2 and 0.5 mg of cellulose was weighed into a silver capsule and loaded276

into a Costech Zero Blank autosampler. The samples were then pyrolyzed at ∼1350◦C in a277

TC/EA using a ceramic column with an interior glassy carbon liner. The isotopic ratio of the278

resulting CO gas (i.e. 12C18O/12C16O) was then analyzed on a ThermoFisher Delta series IRMS.279

A typical run would begin with analysis of three replicates of one organic reference standard280

(such as cellulose or sucrose), three replicate analysis of a second reference standard followed281

by sequential analyses of 8 samples and a single reference standard. The run would then ter-282

minate with duplicate analyses of each of the reference standards. A sample carousel with 49283

slots would thus typically include 36 samples and 13 standards, which were used for drift cor-284

rection and normalization to the VSMOW-scale. Duplicate analyses of reference standards showed285

an analytical uncertainty of ≤0.2‰.286
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2.3 Processing of the isotopic measurements287

The shape of the isotopic cycle in the annual growth ring reflects a combination of sea-288

sonal changes in leaf-atmosphere exchange, the trees’ source water, and internal mixing of wa-289

ter and carbohydrates that generate lags and buffering effects (Ogée et al., 2009). Our a pri-290

ori assumption was that if a tree relied exclusively on winter precipitation through the grow-291

ing season, this would generate a distinct isotopic cycle in the cellulose than if the tree relied292

on a seasonally evolving summer precipitation source. We can then extend the analysis of tree293

water use from the single season we monitored (i.e. 2016) by analyzing how the shape of the294

seasonal cycle in cellulose δ18O has changed over time. To achieve this, we interpolated all295

annual cycles to a common resolution of 7 samples/year following the approach of Schubert296

and Jahren (2015). The mean of all values from each growth ring was then subtracted to gen-297

erate a seasonal cycle of isotopic anomalies. We used anomaly values instead of absolute iso-298

topic ratio to facilitate comparison between seasonal cycles of years with different mean iso-299

topic ratios. After generating these seasonal cycles for all available years, we aggregated all300

data from the two species (A. lasiocarpa and P. engelmannii) and two sites (Gothic, CO and301

Ziegler Reservoir) as part of a single population that included all 135 cycles over the period302

from 1980-2016. The decision to aggregate data provided a larger population of data for sub-303

sequent analyses and was justified based on the observation that the seasonal isotopic cycle304

and absolute isotopic values between species and sites were not statistically different (Fig. 3).305

This suggests that the trees at these nearby sites utilize similar water reservoirs and experience306

similar canopy conditions though future work could benefit from considering how small dif-307

ferences between species might reflect species-specific ecophysiology or ecohydrology.308

To characterize the dominant isotopic cycles, a k-means clustering algorithm was utilized309

on the full population of seasonal cycles. The purpose of the clustering algorithm was to take310

the full population of seasonal isotopic cycles and partition them into a fixed number of groups311

(i.e. clusters) in a way that minimizes the difference between the cycles within a cluster and312

maximizes the difference between clusters. This is done using an iterative approach where iso-313

topic cycles are sorted randomly into a fixed number of clusters, the centroid (or average of314

the cluster) is calculated and the average difference between each member of the cluster and315

the centroid is calculated. This process is repeated until the sorting produces the smallest ac-316

cumulated difference between the members of each cluster and the mean of the cluster. Here,317

we used the Pearson’s correlation coefficient to calculate the difference between each mem-318

ber of a cluster and the centroid and we ran the algorithm for 10,000 iterations. A critical as-319

pect of using k-means clustering is the a priori decision of how many clusters to sort the data320

into. After experimenting with a range of cluster sizes from 2-8, we chose to sort the seasonal321

cycles of the isotopic ratio of cellulose into three clusters. This choice was governed by the322

fact that as we increased the number of clusters, the same three dominant clusters persistently323

emerged while the additional clusters contained only a small number of cycles. An example324

of this analysis is illustrated in Figures S2 and S3. Lastly, after categorizing each cycle into325

one of the three clusters, we generated a timeseries of the relative frequency of each of the326

clusters over the period from 1980-2016 to assess how tree water use has shifted over recent327

decades.328

2.4 Modeling of isotopic ratio of cellulose329

In order to provide a mechanistic understanding of the dominant patterns in tree cellu-330

lose δ18O that emerged from the cluster analysis, we used a model for the isotopic ratio of cel-331

lulose to explore how changes in seasonal water use influenced the shape of the annual cycle332

in tree ring cellulose. The model is based on the following equation:333

δ18Ocellulose = δ
18Osource + (1 − pe) ∗ ∆lea f + ε (1)

Where the δ18Ocellulose is modeled as a mixture between the isotopic ratio of the source334

water for the tree (δ18Osource) and the isotopic ratio of the leaf water (∆lea f ) that has been335
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enriched by transpiration relative to δ18Osource. The photosynthates that form in the presence336

of the leaf water are further enriched in 18O by a biochemical fractionation factor (ε , Equa-337

tion S10). The relative importance of the source water and leaf water in defining the isotopic338

ratio of the cellulose is set by a mixing term defined as pe. The mixing term ranges from 0-339

1 and describes the efficiency with which isotopic exchange between photosynthates and xylem340

water occurs during cellulose metabolism. This model and close variants have been used in341

numerous studies and we refer readers to Barbour, Roden, Farquhar, and Ehleringer (2004);342

Evans (2007); Keel et al. (2016); Ogée et al. (2009); Roden et al. (2000) and references therein343

for additional details.344

Detailed information on the isotopic ratio of xylem, soil, precipitation and groundwa-345

ter were available from our 2016 field season, which provided a single season’s constraint on346

δ18Osource. To estimate the source water over the full period when cellulose data was avail-347

able (i.e. 1980-2016), we took advantage of the 20 years of the isotopic ratio of April 1 snow-348

pack from Anderson et al. (2016) to provide a constraint on the winter precipitation and 10349

years of weekly precipitation samples from nearby NADP sites to provide estimates of the sum-350

mer rain input (Figs. 4 and 5). Both the snowmelt and summer precipitation inputs were es-351

timated back to 1980 by calculating the climatological average from all available data and us-352

ing this value for years when observations were not available. Using these summer and win-353

ter precipitation inputs, we tested how the relative utilization of these two water sources over354

this time period influenced the seasonal cycle of cellulose.355

To estimate the other key term in Equation 1, ∆lea f , we needed estimates of the phys-356

iological and canopy terms that influence isotopic exchange between leaf water and the atmo-357

sphere (e.g. transpiration, leaf VPD and canopy conductance). In the absence of direct canopy358

measurements, we inferred the canopy terms using the canopy model Soil Canopy Observa-359

tion Photosynthesis Energy Model (SCOPE) (van der Tol, Verhoef, Timmermans, Verhoef, &360

Su, 2009; van der Tol, Berry, Campbell, & Rascher, 2014). SCOPE is a 1-D vertical model361

(40 canopy layers) that solves for the canopy energy budget, thermal properties of the canopy,362

radiative transfer of fluorescence, sensible and latent heat fluxes, resistance terms (from wind363

speed and canopy properties) and stomatal conductance and photosynthesis using the Farquhar-364

Berry model, which assumes photosynthesis is limited by light (electron transport) or Rubisco365

carboxylation and stomatal conductance, which together influence chloroplast CO2 concentra-366

tion (van der Tol et al., 2014). While this model lacks key ecosystem dynamics that are present367

in land surface models (such as the stomatal response to changing soil moisture), it is an ef-368

ficient tool to estimate how canopy conditions respond to radiation, temperature and humid-369

ity changes. The model was run with a 30-minute time step from 1980-2016 using the follow-370

ing inputs mostly extracted from the North American Regional Reanalysis (NARR), which has371

a temporal resolution of 3 hours and spatial resolution of 32 km (Mesinger et al., 2006): in-372

coming longwave and shortwave radiation, barometric pressure, relative humidity, windspeed,373

atmospheric CO2, canopy height and leaf area index (Table S1 and S4, Figs. S4 and S5). The374

climate forcing data from NARR was validated through a comparison with relative humidity375

and air temperature data from three nearby meteorological stations, referred to as billy barr376

(sic), Snodgrass and Mexican Cut (Figs. S6 and S7). We used the meteorological data to pro-377

vide estimates of systematic bias and random uncertainty in the meteorological forcing that378

emerge from errors in NARR and the presence of subgrid cell variability in this topograph-379

ically complex region. However, since these meteorological stations are neither maintained nor380

calibrated to National Weather Service standards, they are only used here to provide a point381

of comparison to assess model errors. The NARR data was interpolated from 3-hourly to 30-382

minute resolution, which was the timestep required to close the energy balance in the SCOPE383

simulations. Atmospheric CO2 data was downloaded from the NOAA GMD flask measure-384

ments from Niwot Ridge. The Leaf Area Index and canopy height were set at fixed values of385

3.0 m2 m−2 and 10 m, respectively, based on estimates from satellite retrievals in Liang et al.386

(2013) and Simard, Pinto, Fisher, and Baccini (2011).387

To solve for ∆lea f in Equation 1, the modeled estimates of transpiration, photosynthe-388

sis, leaf temperature, leaf VPD and canopy conductances from SCOPE were passed through389

Supplementary Equations 1-10 (Barbour et al., 2004; Keel et al., 2016; Ogée et al., 2009; Ro-390
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den et al., 2000). The cellulose model also required estimates of the path length of the leaf,391

which was set at a fixed value of 0.01 cm (Keel et al., 2016), and the exchange efficiency be-392

tween xylem water and sugars during cellulose metabolism (i.e. pe), which was set at 0.42 (Ro-393

den et al., 2000). The model produced 30-minute estimates of the isotopic ratio of cellulose394

for all time-steps when photosynthesis was greater than 0 and the air temperature was above395

the critical threshold for xylogenesis (Rossi et al., 2008). To convert the model results into an-396

nual cycles for the isotope ratio of cellulose with comparable resolution as the observations,397

we took the total accumulated photosynthesis for the growing season and distributed it into398

7 equal segments and then calculated weighted averages of δ18O of cellulose (weighted by rate399

of photosynthesis) for each of the 7 segments. A visual depiction of the full modeling frame-400

work is shown in Figure 6.401

The model described above was utilized here in two ways:402

(1) To simulate seasonal cycles of δ18O for each year from 1980-2016 with the same at-403

mospheric forcing but with three different water use patterns; only winter precipitation, only404

summer precipitation, or a transition between use of winter to summer precipitation midway405

through the growing season (Fig. 5). The outcome of this modeling exercise was 37 annual406

isotopic cycles (1980-2016) for each of the three water use patterns. This analysis tested both407

how interannual changes in atmospheric forcing affected the seasonal cycle in cellulose even408

if the water use was held constant and how the average seasonal cycle would change if the wa-409

ter use pattern was altered.410

(2) To simulate a single year (2016) with the three different water use scenarios while411

the following input parameters were varied using a Monte Carlo simulation: canopy temper-412

ature, δ18O of the water vapor, δ18O of the source water, relative humidity, transpiration, the413

exchange efficiency with xylem water during cellulose metabolism (i.e. pe) and the rate of pho-414

tosynthesis. These terms were chosen for the Monte Carlo simulation because they have the415

largest impacts on the final estimates of the isotopic ratio of cellulose and are terms that are416

difficult to constrain. We altered each of these terms in two ways: (1) we added a uniformly417

distributed ±20% error to each 30 minute timestep and (2) we added ±20% bias to all the val-418

ues of that term for the entire year. We then ran 10000 simulations producing a distribution419

of annual cycles in δ18O for a single year for each of the three water use patterns. The goal420

of this exercise was to assess the extent to which random uncertainty or bias in the key terms421

of the cellulose model might influence the shape of the seasonal cycle.422

3 Results423

Through May and early June of 2016, the measured soil water was dominated by snowmelt424

and the isotopic ratio of the soil water was homogenous with depth and similar to both the iso-425

topic ratio of groundwater and April 1 snowpack (-18‰±0.5) (Fig. 4). During this period, the426

stable isotopic ratio of xylem waters from A. lasiocarpa and P. engelmannii were comparable427

to the depth-averaged soil water (Fig. 4). As the growing season progressed, the isotopic ra-428

tio of the xylem water was invariant while precipitation increased to ∼-10‰and surface soil429

water increased to ∼-12‰. By July (day of year 180-200), it was evident from the low iso-430

topic ratios in the xylem water that the trees remained reliant on winter precipitation and were431

likely drawing on a mixture of water that included sources at least 50 cm below the surface432

but could have been drawing on water as deep or deeper than 130 cm. Root excavations for433

Abies and Picea species elsewhere have found rooting depths of 240 cm and 160 cm, respec-434

tively (Fan et al., 2017), which are within the ranges suggested by the isotopic analysis pre-435

sented at this site. Beginning late July (day of year 210), the isotopic ratio of the xylem wa-436

ters began to increase, reaching isotopic ratios of ∼-5‰by mid-August. These values were com-437

parable to surface soil water and precipitation at that time. The transition from use of win-438

ter to summer precipitation occurred weeks after a ∼2 m drop in the water table height and439

a 50% decline in soil moisture at 50 cm, perhaps a response to transpiration uptake, but oc-440

curred nearly simultaneously with a modest increase in both 5 cm and 15 cm soil moisture lev-441

els (Fig. S8).442
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The 2016 data provide evidence for a water use pattern characterized by a transition be-443

tween use of winter to summer precipitation midway through the growing season (Fig. 5). This444

behavior is consistent with observations of water use from previous studies in the region (e.g.445

Hu et al. (2010)) but is not of sufficient length to assess the long term persistence of this pat-446

tern. We thus utilized the cellulose δ18O data to examine temporal variations in the water use447

pattern. The entire population of 780 cellulose δ18O measurements span between 26 to 36‰,448

which encompasses the range found in other isotopic studies on conifers from the region (Belmecheri,449

Wright, Szejner, Morino, & Monson, 2018; Berkelhammer & Stott, 2012; Szejner et al., 2016)450

(Fig. 3). Since there was no significant difference in the isotopic range or shape of the aver-451

age annual cycle between sites (Ziegler Reservoir and Gothic) and species (A. lasiocarpa, P.452

engelmanni), we infer that they are responding to a common atmospheric forcing and water453

use pattern (Fig. 3). The average cellulose cycle observed at these sites is characterized by iso-454

topic anomalies of +0.5‰early in the season that transition to isotopic anomalies of -0.5‰by455

the end of the growing season. This pattern is similar to what has previously been observed456

in trees in Arizona by Belmecheri et al. (2018) and in eastern California by Berkelhammer and457

Stott (2009). After partitioning all available cycles into three clusters, we found that the most458

common cycle (referred to as Cluster 1) was similar in structure to the average cycle (i.e. Fig.459

3) and this pattern accounted for 48% of all the observed cycles (Fig. 7a). The second most460

common cycle (referred to as Cluster 2), has a quasi-parabolic structure with isotopic anoma-461

lies of -1‰ in the beginning and end of the season and a mid season maximum of +1 ‰ (Fig.462

7b). The years in this cluster accounted for 30% of all the observed cycles. The last cycle, re-463

ferred to as Cluster 3, was similar in structure to Cluster 1 during the first half of the growth464

ring but then deviated by showing a progressive rise through the latter half of the growing sea-465

son (Fig. 7c). The years that fell within this cluster accounted for 22% of the observed cy-466

cles. The growth rings and xylem water measurements from 2016 fell within the population467

included in Cluster 3 (Fig. S9).468

To explore the processes that gave rise to the distinct clusters, we ran the cellulose model469

over the period from 1980-2016 with three distinct water use patterns: (1) exclusive reliance470

on snowmelt/winter precipitation as observed by Allen et al. (2019), (2) reliance on growing471

season precipitation (Belmecheri et al., 2018) and (3) the water use pattern observed from field472

observations during 2016, which was characterized by a mid season transition between reliance473

on winter to summer precipitation (Fig. 5). When the model was run with a winter precip-474

itation water source, the average seasonal cycle over the 37 year simulation closely followed475

the structure of Cluster 1 (Figs. 7a and 7e). In contrast, when the model was forced with a476

summer precipitation source, the pattern mirrored Cluster 2 (Figs. 7b and 7f) and when the477

model was run with the water source pattern of 2016, the modeled structure followed Clus-478

ter 3 (Figs. 7c and 7g). When comparing the modeled and observed cellulose cycles, it is im-479

portant to note that the tree ring measurements do not have a timestamp but rather a fractional480

position in the ring (Fig. 2). The similarity between modeled and observed cycles may allow481

us to place an absolute timestamp on when the cellulose layers were formed. However, this482

is contingent on the seasonal cycle in the model being accurate. We assessed this by compar-483

ing the modeled transpiration rate with sap flux from the Gothic tree stand (Fig. S10), which484

supports that the canopy conditions simulated by the model, were sufficient to reproduce the485

broad timing of when the trees were transpiring even though there was not sufficient informa-486

tion to quantitatively compare the absolute magnitude of the observed and modeled transpi-487

ration fluxes. An additional comparison was made between the modeled photosynthetic rate488

with satellite-derived gross primary production (GPP) from the monthly FluxSat product (Joiner489

et al., 2018), which is derived from a combination of MODIS reflectances, solar induced flu-490

orescence retrievals and a light use efficiency model. This comparison suggested the SCOPE491

model had effectively captured the seasonal cycle in tree activity (Fig. S11). We did not at-492

tempt to quantitatively compare the modeled and satellite GPP because the resolution of the493

satellite product is 0.5◦ and the grid cell in which the trees fall includes a mixture of open forests494

(44%) and grasslands (55%). Lastly, we compared the modeled seasonal cycle in GPP with495

tree expansion from manual dendrometer bands at the Gothic site, which indicated these trees496

seemed to allocate a smaller fraction of late season GPP towards radial growth (Fig. 8). For497
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example, radial growth reached 90% of its annual total by day of year 200 (i.e. mid-July) while498

total carbon fixation did not reach 90% of its annual total until August. This apparent discrep-499

ancy can be explained by the fact that wood cells form and expand radially significantly ahead500

of when the cell walls thicken with cellulose. Thus, the temporal lag between volumetric growth501

and carbon allocated to cellulose observed here is consistent with data from the global anal-502

ysis by Cuny et al. (2015) (Fig. 8). The result is also consistent with recent work on the iso-503

topic composition of cellulose from other conifers in the southwestern US, which found that504

the isotopic ratio of cellulose within a tree-ring correlated most strongly with climate a month505

or more after the cells formed (Monson, Szejner, Belmecheri, Morino, & Wright, 2018; Sze-506

jner et al., 2016). Taken together, the comparison of the modeled transpiration and photosyn-507

thesis with sap flux, satellite GPP and dendrometry data all indicate that the modeled seasonal508

cycle in cellulose is approximately accurate.509

The similarity between the δ18O cycles that emerged from the three modeled water use510

scenarios and three dominant clusters derived from the observations (Fig. 7), suggests that changes511

in tree water use may explain the observed variations in the shape of the season cycles in cel-512

lulose δ18O. However, because of uncertainty in some of the key forcing terms and parame-513

ters in the model, we remain cautious to limit interpretations of differences in the modeled sea-514

sonal cycles strictly in terms of changing water use. Notably, the most sensitive term in the515

cellulose model is relative humidity or leaf VPD (Burk & Stuiver, 1981; Kahmen et al., 2011)516

and our comparisons between RH from the local meteorological stations and the NARR grid517

cell show the potential for 10-20% errors in this forcing term (Fig. S6). The results from the518

Monte Carlo simulations indicate that the absolute δ18O values are in fact highly sensitive to519

20% model bias and error, such that the modeled seasonal cycles derived with the same wa-520

ter use can differ by 10‰ (Fig. 9, top row). However, when the absolute δ18O are subtracted521

from the seasonal cycle and we consider isotopic cycles as anomalies relative to that year, the522

shape of the seasonal cycle is robust against model error and bias (Fig. 9, bottom row). This523

is an important distinction because it illustrates how modeling the absolute δ18O value requires524

tight constraints on model parameters while modeling the shape of the seasonal cycle can be525

achieved despite high levels of uncertainty in model forcing terms. In light of these results,526

we focus discussion primarily on the observed seasonal patterns in the isotopic anomalies. Im-527

portantly, however, the distribution of modeled δ18O values are not different than the popu-528

lation of observations, indicating that model forcings were not likely biased in any systematic529

way (Fig. 3C).530

Informed by the results from the model simulations, we interpret the three dominant iso-531

topic cycles that we observed to reflect differences in water use that fall along a spectrum be-532

tween exclusive reliance on winter or summer precipitation. A timeseries analysis of these three533

water use patterns back to 1980, shows evidence for systematic low frequency shifts in sea-534

sonal water use preference or plasticity (Fig. 10). From the late 1980s to mid 1990s, 2000 to535

2005 and post 2012, 80% of the rings were associated with dominant reliance on winter pre-536

cipitation. On the other hand, there were brief periods surrounding 1985 and 2010, when pref-537

erential reliance on summer precipitation accounted for more than half of the growth rings.538

The temporal changes in seasonal water use by the trees closely followed changes in snowpack539

but in a counterintuitive way. Following multiple years of low snowpack, the trees increased540

their relative reliance on winter precipitation whereas during periods of increased snowpack,541

the relative use of summer rain increased (Fig. 10a). We note also that changes in snowpack542

and tree water use follow variations in tree ring width, such that periods of low snowpack and543

reliance on winter precipitation were associated with reduced aboveground growth (Fig. 10b).544

The correlation observed between tree ring widths and snowpack has been previously noted545

and has been interpreted to reflect the impact of reduced snowmelt on moisture stress (Wood-546

house, 2003).547

4 Discussion548

The results presented here provide a first depiction of decadal variability in the seasonal549

origins of water used by two common conifers in Colorado using a proxy-based approach. It550
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is known that acquisition of soil water by plants involves diverse strategies that include dimor-551

phic root systems (Dawson & Pate, 1996), preference for bound waters (moisture held at high552

matric potential) (Brooks et al., 2010), lateral and vertical scavenging (Grossiord et al., 2017)553

and hydraulic redistribution (Burgess, Adams, Turner, & Ong, 1998). Until now, limited datasets554

existed to test how the seasonal origins of plant water varied over timescales longer than 1-555

2 growing seasons, which hindered the ability to predict the response of ecosystem produc-556

tivity, watershed hydrology or soil biogeochemical cycles to long and short term climate forc-557

ing (Eissenstat, Wells, Yanai, & Whitbeck, 2000; Joslin, Wolfe, & Hanson, 2000). The approach558

takes advantage of the fact that reliance on snowmelt through the growing season would lead559

to reduced variance in the isotopic ratio of the plant’s water source and isotopic cycles in cel-560

lulose that would be driven primarily from surface climate and physiological forcing (Barbour561

et al., 2004; Gessler et al., 2009; Roden et al., 2000; Szejner et al., 2016). Alternatively, uti-562

lization of growing season precipitation would lead to isotopic cycles in the cellulose that re-563

flect both an isotopically dynamic source water and changes in surface climate (Belmecheri564

et al., 2018; Treydte et al., 2014).565

The field observations and tree-ring cellulose data from 2016 both suggest a transition566

from use of winter to summer precipitation midway through the growing season that likely re-567

flected the response to reduced water content at depth along with moistening of surface soil568

during the onset of summer rains (Figs. 4 and S8). This behavior could be interpreted either569

as an illustration of the trees shifting from a deeper to shallower water source as the surface570

soil was moistened and the deeper soil dried (Dawson & Pate, 1996; Grossiord et al., 2017;571

White, 1989). The change in the isotopic ratio of the source water could also reflect penetra-572

tion of summer rains to depth along preferential flow paths (Thomas et al., 2013). Our soil573

moisture measurements did not detect preferential flow of summer rains at depth but the sam-574

pling strategy was also not optimized to capture this phenomenon. The cellulose data, how-575

ever, showed that the nearly equal use of summer and winter precipitation during 2016 was576

rather uncommon in the context of the last 37 years (22% of measured years), highlighting the577

presence of plastic behavior and the limitations of using one or two field seasons of xylem and578

soil water data to infer the seasonal origin of water used by trees.579

The longer timeseries generated here indicated it was more common for the trees to pref-580

erentially rely on precipitation from either summer or winter sources rather than switching be-581

tween the two during a growing season. One implication of this finding is that during years582

when snowmelt was the dominant water source, summer rain only minimally contributed to583

transpiration and was either evaporated or contributed to recharge and streamflow. Alterna-584

tively, during years of reliance on summer rain, snowmelt was only minimally transpired. We585

interpret this behavior to illustrate that trees are generally predisposed to preferential use of586

summer or winter precipitation as opposed to displaying higher frequency responses to evolv-587

ing seasonal soil moisture conditions. It is important to note that preferential use of summer588

or winter precipitation was not simply a reflection of more or less snowmelt flooding the sys-589

tem as increased use of snowmelt actually occurred during periods of reduced snowfall. The590

inverse relationship between plant use of snowmelt and winter snowfall amount suggests the591

seasonal origins of water use is determined by interactions between vadose zone hydrology592

and root systems, rather than being controlled solely by the relative contributions of seasonal593

water to the watershed.594

One possible way to interpret the observed variability in water use documented here is595

that it reflects changes in the soil depth that trees draw water from. If we presume the fine root596

distribution shifts over time in response to variations in the water table depth (Fan et al., 2017),597

this could set the condition for preferential reliance on deeper soil moisture (i.e. snowmelt)598

or shallower soil moisture (summer precipitation) (Drewniak, 2019; Iversen, 2010). The multi-599

year turnover time of fine roots (Matamala et al., 2003) could thus generate annual to inter-600

annual persistence in the depth that water is drawn from, which may explain why the seasonal601

origin of tree water use reconstructed here appears to retain a legacy for multiple years (Fig.602

10). This explanation could be summarized by the following sequence: (1) the water table depth603

and deep soil moisture content change in response to the previous years’ snowpack (Amenu604

et al., 2005), (2) as the water table drops, the trees respond by deepening their root systems,605
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which has the effect of increasing reliance on deeper waters (i.e. snowmelt) and (3) after mul-606

tiple years of high snowpack and recharge, the water table rises and investment in shallow fine607

roots increases, which leads to increased reliance on near-surface soil moisture. A longer dataset608

of water table depths and root profiles along with more precise information on canopy con-609

ditions would be needed to test this hypothesis.610

However, changes in seasonal origins of plant water do not necessarily imply that trees611

are changing the depth they are drawing water from. Rather, the changes in the seasonal ori-612

gins of the water could be a reflection of changes in the downward mobility of summer pre-613

cipitation through the root zone or upward mobility of snowmelt from deeper soil layers into614

the root zone (Kumar et al., 2019). During periods of increased snowfall, anomalously wet soil615

conditions can persist at depth for multiple years. The higher soil moisture content at depth616

has the effect of reducing the downward transport of surface soil moisture during the grow-617

ing season and, consequently, summer precipitation remains in the root zone longer (Ghan-618

nam et al., 2016). In contrast, during periods of low snowpack when the soil moisture at depth619

is reduced, the summer rain moves downward rapidly which, in turn, dries out the surface soils620

and leads to reduced transpiration. As shown in Figure 10, periods of reduced snowpack and621

increased reliance on snowpack were also periods of low tree growth and thus decreased tran-622

spiration. If antecedent snowpack affects the residence time of summer rain in the root zone,623

it seems likely that snowmelt provides a baseline water source for the trees and during wet-624

ter periods when total transpiration increases, summer rain remains in the root zone longer and625

supports the increased water demand. During some years, the summer rain contribution be-626

gins early in the growing season and gives rise to the cellulose patterns in Cluster 2 whereas627

in other years the use of summer rain does not begin until later in the growing season as we628

observed during the 2016 field season (Fig. 7).629

It also may be the case that changes in both the root profiles and hysteresis of deep soil630

moisture may explain the apparent multi-annual persistence of the seasonal water use prefer-631

ence. These two mechanisms, the former biotic and the latter abiotic, are not mutually exclu-632

sive and may feedback to each other giving rise to the large shifts between 30% to 80% re-633

liance on winter precipitation over the last 4 decades (Fig. 10). There are also other plausi-634

ble mechanisms that may be relevant such as the effect of reduced snowpack on the exposure635

of surface roots to frost damage. This could inhibit use of shallow waters (i.e. summer pre-636

cipitation) for multiple years following low snowpack conditions (Inouye, 2008; Song, Zhu,637

Li, Zhang, & Li, 2018). However, the timeseries of frost exposure we derived from nearby me-638

teorological data do not suggest this was a critical process in determining temporal changes639

in plant water use (Fig. S12). Alternatively, competition for surface waters between conifers640

and co-located deciduous trees (i.e. P. tremuloides) (Anderegg et al., 2013) and herbaceous641

species (Nippert & Knapp, 2007) could shift over time and drive variations in access to sum-642

mer precipitation (West, Hultine, Jackson, & Ehleringer, 2007; Williams & Ehleringer, 2000).643

Stable isotopic measurements of xylem and soil water from a meadow nearby the Gothic site644

showed that two dominant forb species, Helianthella quinquenervis and Erigeron speciosus drew645

water from deeper (≥20 cm) and shallow soil horizons (≤10 cm), respectively (S. Saleska, un-646

published). Understory plant species thus compete for water pools at different depths though647

their impact on the transpiration budget of the forest canopy is presumably small relative to648

the mature trees. The co-located species may also influence hydraulic redistribution and in-649

crease the upward mobility of winter precipitation to the root zone.650

Our interpretation of how these trees modified their water use relies on the assumption651

that changes in the shape of the seasonal cycle in cellulose reflect shifts in the source water.652

While this interpretation is supported by the model simulations, it is important to note that there653

remain key sources of uncertainty in the method that limit quantitative inferences on seasonal654

water use (Allen et al., 2019). We lacked long in situ meteorological records of humidity and655

radiation that would have enabled more accurate forcing to the cellulose and canopy models.656

Furthermore, flux records of evapotranspiration or CO2 and thermal imaging of the canopy would657

have allowed us to optimize the canopy model, SCOPE. Both of these datasets would have pro-658

vided better constraints on how surface-atmosphere exchange influences the cellulose, which659

would have yielded better constraints on our estimates of trees’ source water. In addition, the660
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canopy model lacked key ecosystem dynamics including the effect of changing soil moisture661

on stomatal conductance. The absence of this particular process may have led the model to662

miss changes in canopy exchange and temperature during sub-seasonal droughts. This could663

have led to an underestimation of the effect of VPD on the season cycle of cellulose. Addi-664

tionally, the absence of a soil moisture-stomatal conductance feedback may have artificially665

extended the growing season during dry years. Indeed, we see that growing season length be-666

tween years was likely artificially stable in the simulations (Fig. S13). Lastly, the cellulose model667

presumed that after carbon was fixed, it was immediately converted to cellulose. In reality, there668

are short lags (∼week timescale) associated with translocating these sugars to the trunk and669

long lags if the tree utilized a prior year’s carbohydrate pool for cellulose metabolism (Gessler670

et al., 2014). We did not include these processes because we lacked data to place a reason-671

able constraint on the necessary timescales. Failing to account for these lag processes likely672

means there is an offset in the seasonal timing of the cellulose timestamps and there may be673

some interannual carry-over effects in the observations that were not accounted for in the mod-674

eling. This issue becomes important if one is attempting to use cellulose data to precisely dis-675

tinguish when in the growing season a transition between water sources actually occurred. Fu-676

ture work that will include measurements of the rate of biomass accumulation in cells layers677

(Cuny et al., 2015) and timeseries’ of the isotopic ratio of leaf and trunk sugars, would be nec-678

essary to place quantitative timestamps on cellulose layers. Nevertheless, it is encouraging that679

the Monte Carlo simulations suggest that the three dominant cycles observed in the cellulose680

likely represent distinct water use scenarios (Fig. 9). We envision variants of this approach681

could be broadly applied in other watersheds where there is a strong seasonal cycle in the iso-682

topic ratio of precipitation.683

5 Conclusion684

Abundant evidence shows that plants do not simply utilize the precipitation that recently685

fell but rather use legacy water reservoirs available from the multi-seasonal to multi-annual686

residence time of soil moisture. The use of this water from previous seasons, in turn, adds legacy687

to ecosystems by buffering the response of transpiration and primary productivity to current688

surface forcing. This study provides a proxy approach to study temporal dynamics of water689

use based on the seasonal cycle of the isotopic ratio of cellulose. Using a cluster analysis along690

with a mechanistic model for the isotopic ratio of cellulose, we were able to distinguish three691

broad classes of water use defined as: (1) exclusive reliance on winter precipitation, (2) sum-692

mer precipitation, or (3) a mid season transition between water sources. The results indicate693

that over the last 4 decades, the forests exhibited a high degree of water use plasticity but also694

multi-annual persistence. Our observations suggest that once a preference for a seasonal wa-695

ter use was established, it remained for multiple years providing evidence for legacy effects696

in plant water use. These variations in water use were driven by changes in winter snowpack697

such that periods of highest snowpack were associated with a reduction in the relative reliance698

on this water source. One interpretation of this behavior is that during high snowpack peri-699

ods there was increased tree growth and summer rain supported the increased water demands.700

Possible mechanisms to explain this may include high recharge from snow led to soil mois-701

ture anomalies at depth that increased the residence time of summer rain in the root zone. How-702

ever, other mechanism(s) linking snowpack to water use may also be relevant including changes703

in the root profile or changing competition with co-existing species. Future work could use704

information on water use from cellulose isotope measurements to test processes in land sur-705

face models that are difficult to constrain such as dynamic roots (Drewniak, 2019), interactions706

between groundwater and soil moisture (Maxwell & Condon, 2016) or species competition.707

The results presented here nonetheless provide important new insights for watershed models708

and interpretations of isotope hydrographs. Specifically, depending on the multi-annual con-709

text of when an analysis is conducted, summer precipitation may be selectively routed through710

a watershed or utilized by plants. Lastly, this approach has the capacity to provide a broad spa-711

tial and temporal picture of how plants influence streamflow and recharge because it can be712

applied in other watersheds where instrumental observational are limited.713
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6 Captions714

Figure 1: Topographic map showing the primary locations discussed in the manuscript715

and the approximate location and size of the grid cell associated with the North American Re-716

gional Reanalysis data used as inputs to canopy model (SCOPE) and cellulose model.717

Figure 2: A high-resolution scan from one of the tree cores used for the isotopic anal-718

yses along with a typical annual cycle in the isotopic ratio of cellulose. The x-axis is defined719

here as the fractional position relative to the total length of the individual growth ring.720

Figure 3: (A) The average annual cycle in cellulose anomalies broken up by site (ZR721

referring to Ziegler Reservoir) and species. The error bars capture one standard deviation around722

the mean. (B) The distribution of δ18O for each site and species. (C) The distribution of δ18O723

as aggregated from the modeling exercise described in Section 2.4.724

Figure 4: (A) The stable oxygen isotopic ratios of various surface reservoirs during the725

2016 growing season from Gothic, CO. Data presented with lines and uncertainty clouds are726

averages from multiple years of data with one standard deviation of uncertainty. The isotopic727

ratio of snowpack is derived from an integrated snowpack sample taken on April 1 and so rep-728

resents only a single moment in time but was extended through the timeseries for compari-729

son with the other pools. The isotopic ratio of the xylem water is shown as the average of all730

samples taken within that period of time. (B) Stable oxygen isotope ratio of soil and ground-731

water as a function of depth and time. The black dots represent the depth and time of soil wa-732

ter measurements while the blue and brown dots show the timing of precipitation (0 cm) and733

well-water measurements (3 m), respectively. A kriging method was used to interpolate the734

point measurements to provide the stable oxygen isotope surfaces (in color). The locations as-735

sociated with the measurements are shown in Fig. 1 and data sources are listed in Tables S2736

and S3.737

Figure 5: (A) Three water use models shown as the relative fraction of snowmelt in the738

xylem stream. The green line and bar captures the specific mixture of snowmelt and summer739

rain used by the trees during the 2016 growing season based on a two end member mixing740

model. (B) The stable isotopic ratio of xylem water that emerged from each of the three mod-741

els of seasonal water use patterns shown in Panel A. The green dots (as shown in Figure 4)742

were used to generate the model for seasonal water use as represented by the green line.743

Figure 6: Flow chart showing the model sub-components and data streams used as in-744

puts to both the SCOPE and cellulose biogeochemical models. In sequence from left to right:745

data streams are input into SCOPE to solve for canopy-atmosphere exchange. The outputs from746

the SCOPE model are used along with information on the isotopic ratio of source water and747

water vapor, as inputs to a model to predict the isotopic ratio or cellulose (Roden et al., 2000).748

The model was run with three different possible water use scenarios, which are color-coded749

as blue (snowmelt), green (snowmelt to summer precipitation) and red (summer precipitation).750

We show the approximate shape of the isotopic cycles in cellulose that emerged from forcing751

the model with the three different water sources. The model inputs, parametrizations and as-752

sociated data sources are listed in Tables S1-S4.753

Figure 7: (A-C) Results from the k-means clustering analysis of all the observed cel-754

lulose cycles. Gray lines are the individual cycles that fell into that cluster, the solid colored755

lines show the mean of all cycles and the dotted lines show the 25th and 75th percentiles around756

the mean. (D) The frequency of the three clusters shown in Panels A-C. (E-G) Results from757

the model simulations using the three difference water use patterns. The colors correspond di-758

rectly to the colors used in Figure 6. The solid lines here show the mean of the 37 annual cy-759

cles and the gray bar shows the 25th and 75th percentiles around the mean.760

Figure 8: (A) Cumulative annual growth measured from dendrometer bands (colored761

lines) and photosynthesis from the SCOPE model (Methods). The growth measurements were762

made monthly (as indicated by the points) from 2004-2010. The average and best-fit regres-763

sion line over this period is shown. For photosynthesis, the model was run from 1980-2016764

and the average over that period is shown. The dots mark 7 evenly-spaced increments (in terms765

of carbon fixation), which represents how the seasonal cellulose measurements were incremented.766

The uncertainty bars show the range of possible days when each increment was reached over767

the 37-year simulation. (B) The lag in days between when cumulative volume and carbon fix-768
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ation reach progressive increments as indicated by the gray area between curves in panel A.769

Growth and carbon fixation begin and end near the same time of the year but volumetric growth770

occurs more rapidly early in the season whereas carbon fixation occurs later (Cuny et al., 2015).771

Figure 9: (A-C) The range of seasonal cycles in δ18O that emerge from the Monte Carlo772

simulations using the three difference water use patterns described in the text. The colors as-773

sociated with the different water use correspond to those used in Figs. 6 and 7. The shading774

captures the relative density of data at a given place on the graph. (D-F) Same as for A-C but775

the y-axes are now anomalies relative to each year. Note the difference in the range of isotopic776

variability (y-axes) between A-C and D-F.777

Figure 10: (A) Timeseries showing the proportion of annual isotopic cycles that fell within778

Cluster 1, which is the pattern that emerged from reliance on snowmelt (colored wedges). This779

is plotted alongside the timeseries of snowfall for the previous three winters. (B) Timeseries780

of tree-ring widths averaged for all conifers from the two stands. Gray bars denote one stan-781

dard deviation around the mean for each year.782
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