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Abstract 21 

Biophysical controls on plant water status exist at the leaf, stem, and root levels. 22 

Therefore, we pose that hydraulic strategy is a combination of traits governing water use at each 23 

of these three levels. We studied sap flux, stem water storage, stomatal conductance, 24 

photosynthesis, and growth of red oaks (Q. rubra) and red maples (A. rubrum). These species 25 

differ in stomatal hydraulic strategy, xylem architecture, and may root at different depths. Stable 26 

isotope analysis of xylem water was used to identify root-water uptake depth. Oaks were shown 27 

to access a deeper water source than maples. During non-limiting soil moisture conditions, 28 

transpiration was greater in maples than oaks. However, during a soil dry down, transpiration 29 

and stem water storage decreased by more than 80% and 28% in maples, but only by 31% and 30 

1% in oaks. We suggest that the preferential use of deep water by red oaks allows the species to 31 

continue transpiration and growth during soil water limitations. In this case, deeper roots may 32 

provide a buffer against drought-induced mortality. Using 14 years of growth data, we show that 33 

maple growth correlates with mean annual soil moisture at 30 cm, but oak growth does not. The 34 

observed responses of oak and maple to drought were not able to be explained by leaf and xylem 35 

physiology alone. We employed the FETCH2 plant-hydrodynamics model to demonstrate the 36 

influence of root, stem, and leaf controls on tree-level transpiration. We conclude that all three 37 

levels of hydraulic traits are required to define hydraulic strategy.  38 

 39 
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Introduction 51 

Water availability limits transpiration and carbon uptake in plants (Dawson 1993, Horton 52 

& Hart 1998). Plants regulate water status dynamically through controls at the leaf, stem, and 53 

root levels. At the leaf level, stomata can close during water stress to maintain a steady, high leaf 54 

water potential (isohydry); remain open while risking highly negative leaf water potentials to 55 

maximize carbon uptake (anisohydry); or operate along a range of intermediate strategies 56 

(McDowell et al. 2008, Skelton et al. 2015). At the stem level, conductive woody tissue differs in 57 

the size and organization of conductive xylem vessels, leading to differences in maximum 58 

conductivity (high vs. low) and the water pressure at which the onset of cavitation occurs 59 

(cavitation resistant xylem vs. cavitation vulnerable xylem). Conductivity and vulnerability 60 

typically correlate with the morphology of the xylem, with ring porous xylem tending to be more 61 

conductive but more cavitation vulnerable, and diffuse porous xylem with lower maximum 62 

conductivity but less cavitation vulnerable (Pockman & Sperry 2000). Conifers present a 63 

tracheid-based morphology that may be more cavitation resistant than both angiosperm wood 64 

types and have lower hydraulic conductivity than diffuse porous xylem (Sperry et al. 1994, 65 

Choat et al. 2012). A third axis of hydraulic control results from the architecture of root systems 66 

across different species. Species with deeper roots can access water at greater depths than are 67 

unavailable to more shallowly rooted species (Jackson et al. 1996, Canadell et al. 1996). 68 

Different species exhibit a spectrum of traits that vary in cavitation risk across all three of these 69 

axes of hydraulic control (Figure 1) (Meinzer et al. 2014).  70 

Regulation of water use is often considered to be primarily dominated by interactions 71 

between xylem architecture and stomatal behaviour (McDowell et al. 2008). In many cases, 72 

vascular structure and stomatal response strategies may co-vary to optimize water use and offset 73 

risks associated with traits along the other axis (Manzoni 2014, Manzoni et al. 2014, Nolf et al. 74 

2015). However, several counterexamples exist. For example, many species of trees operate 75 

stomata anisohydrically, despite having more vulnerable ring-porous xylem (Martinez-Vilalta et 76 

al. 2014, Thomsen et al. 2013). Yet, these trees rarely experience hydraulic limitations to 77 

transpiration and some are quite drought resistant (Cochard et al. 1992). Therefore, the 78 

combination of leaf and xylem traits may not be sufficient to explain plant water use dynamics. 79 

This portends that root-level controls must also be considered to understand plant water use and 80 

drought susceptibility. We term the syndrome of emergent phenotypic hydraulic functional traits 81 
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at the root, stem, and leaf levels as the whole-plant hydraulic strategy and posit its governing role 82 

in not only plant- but also ecosystem-level water use (Matheny et al. 2016).  83 

Differences among species in whole-plant hydraulic strategy promote distinct 84 

transpiration rates and patterns (Dawson 1993, Dawson 1996, Meinzer et al. 1999, Nadezhdina et 85 

al. 2008, McCulloh et al. 2012, Ford et al. 2011). It is common for species within the same 86 

ecosystem to employ opposing hydraulic strategies (e.g., risk prone or risk adverse) (McCulloh 87 

et al. 2012, Ford et al. 2011). Disparities in transpiration volume and timing, due to differences 88 

in whole-plant hydraulic strategies employed within the same forest, have important implications 89 

for forest growth and response to drought and disturbance (Roman et al. 2015, McDowell et al. 90 

2008, Matheny et al. 2014b, Gao et al. 2015, Gu et al. 2015, Wullschleger et al. 1998). Several 91 

water flux studies have shown that many species of ring-porous, anisohydric oak continue to 92 

transpire after other species curtail their water use during mild to moderate drought (e.g. von 93 

Allmen et al. 2014, Baldocchi & Xu 2007, Hernandez-Santana et al. 2008, Matheny et al. 94 

2014b). To explain this observation, authors suggest that certain species of oaks may root more 95 

deeply than co-occurring species, and therefore may access water pools that are unavailable to 96 

other species. Although only a limited number of studies have looked directly into the 97 

relationship between oak root water-uptake depth and transpiration, a few have shown the 98 

importance of deep water access for drought resistance (Miller et al. 2010, Nadezhdina et al. 99 

2008, Pinto et al. 2014, Phillips & Ehleringer 1995). Traits within the rhizosphere such as 100 

rooting depth and vertical distribution, root length and diameter distribution, root-water uptake 101 

efficiency, and mycorrhizal interaction have been shown to determine water acquisition and use 102 

(Matheny et al. 2016, Canadell et al. 2007, Allen 2009).The hypothesized ‘safe’ rooting strategy 103 

of oaks may be the key that permits the high-risk combination of anisohydry and ring-porous 104 

xylem in terms of the proposed plant hydraulic safety-efficiency trade off (Meinzer et al. 2010, 105 

Manzoni et al. 2013, but see the counter arguement presented by, Gleason et al. 2016). Deep 106 

roots may also be the critical aspect of hydraulic strategy that provides additional drought 107 

resilience to oak dominated ecosystems (Tognetti et al. 1998).  108 

In a study of species-specific water relations, anisohydric, ring-porous red oak (Quercus 109 

rubra L.) did not demonstrate the water-stress induced limitations to transpiration expected for 110 

this combination of risk-prone hydraulic traits (Matheny et al. 2014b). For the same field site, 111 

Thomsen et al. (2013) showed that red maple (Acer rubrum L.) exhibited an “ultra” safe strategy 112 
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combining isohydric stomatal regulation with diffuse porous xylem. Both studies postulate that 113 

the observed sustained transpiration by red oaks during water stress may result from a deep 114 

rooting strategy. Here, we examine the effects of potential rooting depth differences between red 115 

oaks and red maples using stable isotope analysis of xylem water from both species. Stable 116 

xylem water isotopes are useful tracers because they reflect the isotopic composition of source 117 

water taken up by the roots (Walker & Richardson 1991, Ehleringer and Dawson 1992). Phase 118 

changes associated with precipitation and evaporation unequally partition the heavy and light 119 

isotopes of oxygen and hydrogen in water, promoting distinct isotope values across different 120 

environmental water sources (Ehleringer & Dawson 1992, West et al. 2012, Gaines et al. 2015, 121 

Gat 1996). We integrate our isotopic analysis with measurements of sap flow, stomatal 122 

conductance, photosynthesis, and long-term growth to compare the performance of these two 123 

species with respect to each of the three compartments of the whole-plant hydraulic strategy.  124 

We use a tree-level hydrodynamic modeling framework to test the sensitivity of whole-125 

plant transpiration to different components of the hydraulic regulation system, inclusive of 126 

different combinations of root, stem, and leaf traits on transpiration. This type of trait-based 127 

approach to describing hydraulic strategy at the species-level could potentially inform the 128 

representation of plant hydraulic function within plant-functional types in ecosystem and land-129 

surface models (Matheny et al. 2016). It has been shown that over-aggregation of functionally 130 

distinct species, such as red oak and red maple, into the same plant functional type (e.g. 131 

temperate broadleaf deciduous) leads to errors in short- and long-term predictions of water and 132 

carbon fluxes (Poulter et al. 2011, Matheny et al. 2014a, Matthes et al. 2016). Recent efforts to 133 

include plant hydraulic traits and the resultant hydrodynamics in ecosystem models have shown 134 

promise for improving simulations of transpiration and alleviating some of these errors (Xu et al. 135 

2016).  136 

We hypothesize that (1) red oaks in northern Michigan are rooted more deeply than red 137 

maples, and therefore can access a steady, deep supply of water that red maples cannot. (2) This 138 

deep, steady water supply permits red oaks to maintain transpiration when soil moisture within 139 

the top 3 meters of the soil is depleted. (3) We expect that bole growth will be closely coupled 140 

with surficial soil moisture (30 cm) in species whose overall transpiration is more limited by 141 

hydraulic stress, such as red maples, but not red oaks. (4) We predict that each combinations of 142 

leaf, stem, and root traits comprising different whole-plant hydraulic strategies, will lead to 143 
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different transpiration rates and will be sensitive to hydraulic limitations under different ranges 144 

of environmental water stress.  145 

 146 

Materials and Methods 147 

Site description 148 

This study was conducted within the footprint of the Ameriflux-affiliated eddy 149 

covariance tower, US-UMB (45° 33’ 35” N, 84° 42’ 48” W, elev. 236 m) at the University of 150 

Michigan Biological Station (UMBS) in northern lower Michigan, USA. The 30-year mean 151 

annual precipitation for the region is 766 mm with a mean annual temperature of 5.5 °C 152 

(Pellston, MI Regional Airport, NOAA National Climate Data Center). Local soils are well-153 

drained Haplorthods of the Rubicon, Blue Lake, or Cheboygan series, and are composed of 154 

92.2% sand, 6.5% silt, and 0.6% clay (Nave et al. 2011). The UMBS forest is transitioning from 155 

an early successional stage with bigtooth aspen (Populus grandidentata Michx.) and paper birch 156 

(Betula papyrifera Marsh.) dominating the canopy, to a mid-successional forest with dominant 157 

species of red maple (Acer rubrum L.), red oak (Quercus rubra L.), and white pine (Pinus 158 

strobus L.). The average tree age is roughly 90 years, and mean canopy height is approximately 159 

22 m. Mean peak leaf area index (LAI) is 3.9 m2 m-2 and mean stem density of mature trees 160 

(diameter at breast height or DBH > 8 cm) is approximately 750 stems per hectare. Red maple 161 

stems comprise 6.0 m2 per hectare with an average DBH of 17.57 ± 5.9 cm. Red oak stems 162 

account for 3.7 m2 per hectare with an average DBH of 25.95 ± 10.3 cm. Trees selected for 163 

physiological measurements in this study were representative of this species-size distribution of 164 

the forest. While sap flux analysis measured a variety of sizes and canopy positions, 165 

measurements of stem water storage, leaf properties, and xylem water isotopic composition were 166 

all made on canopy dominant individuals in close proximity to each other. Additional site details 167 

can be found in Gough et al. (2013).  168 

 169 

Meteorological data 170 

Meteorological measurements were collected at a 46 m eddy covariance tower (Gough & 171 

Curtis 1999-). Air temperature, humidity, and atmospheric pressure were recorded every minute 172 

and averaged to ten-minute block averages (HC-S3, Rotronic Instrument Corp. Hauppauge, NY, 173 

USA and PTB101B, Vaisala, Helsinki, Finland). A quantum sensor (LI-190, LI-COR 174 
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Biosciences, Lincoln, NE, USA) measured incoming photosynthetically active photon flux 175 

(PAR). A tipping bucket rain gauge (TE-525, Texas Electronics, Dallas, TX, USA) at the base of 176 

the tower measured precipitation. Additional information regarding the instrumentation and 177 

analysis approach of the meteorological data at the site are described in Gough et al. (2013) and 178 

Maurer et al. (2013). 179 

 180 

Soil water potential  181 

Volumetric soil water content and temperature were recorded in four locations at depths 182 

of 5, 15, 30, and 60 cm. Two of these locations also included measurements at 100, 200, and 300 183 

cm depths (Hydra probe SDI-12, Stevens Water Monitoring Systems, Inc., Portland, OR, USA) 184 

(He et al. 2013). Soil moisture is reported as an average across all sensors at the same depth. 185 

Following the procedures outlined by He et al. (2013), soil moisture measurements were 186 

corrected for systematic bias, estimated for our site to as ~0.03 m3 m-3, and smoothed using a 10 187 

hour moving average. Soil water content (θ, m3 m-3) was vertically integrated over the 3 m soil 188 

column. Soil water potential (Ψs, MPa) was calculated at each depth from soil moisture data 189 

using the Van Genuchten (1980) hydraulic parameterization. Soil hydraulic parameters were 190 

derived from pedo transfer functions using the percentages of sand, silt, and clay (92%, 7%, and 191 

1%) for our plots (He et al. 2013). 192 

 193 

Sap flux 194 

Sap flux was monitored in red maple (n = 8) and red oak (n = 10) via Granier-style 195 

thermal dissipation probes (Granier 1987) (Table 1). Sap flux trees were selected to capture a 196 

variety of sizes and canopy positions to enable analysis at the plot-scale for comparison with 197 

eddy covariance measurements. Pairs of 20 mm long probes were inserted into the sapwood at 198 

breast height, and the upper probe was continuously supplied with 0.2 W of heating power. Data 199 

were recorded every minute and averaged to half-hour intervals. For trees where the sapwood 200 

depth was less than the 20 mm sensor length, we applied the Clearwater et al. (1999) correction. 201 

Sensor data were processed using a baselining procedure, using periods when the two-hour 202 

average vapor pressure deficit (VPD) was less than 0.5 kPa to allow for nightly recharge flow 203 

(Oishi et al. 2008). Baselines were determined with respect to the maximum nocturnal 204 
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temperature for each sensor in order to account for any variation between sensors. Voltage 205 

differences between each pair of probes were converted to sap flux density (Js g H2O m-2
sapwood s-206 

1) following Granier (1985). Sapwood depth at breast height was estimated from species- and 207 

plot-specific allometric equations developed by Bovard et al. (2005) and Matheny et al. (2014b). 208 

Sap flux density was converted to sap flow (g s-1) by multiplying Js by the sapwood area of the 209 

individual tree. Data collected in this experiment were part of a larger study of plot-level sap flux 210 

(n = 42 trees of 5 species). During the 2014 growing season, plot-scaled sap flux comprised 78% 211 

of latent heat flux as measured through eddy covariance. Full details of the plot-level sap flux 212 

experiment are described in Matheny et al. (2014b). 213 

Stem water storage 214 

Stem water storage was continuously monitored in one mature, canopy-dominant 215 

individual of each species, red oak and red maple, from 10 July until 14 September 2014 (day of 216 

year, DOY 191-257). Ruggedized soil moisture sensors (model GS-3, Decagon Devices, 217 

Pullman, WA, USA) were installed at two different heights: at the base of the trunk (0.5 m above 218 

the ground), and just below the live crown (~5.5 m from the ground). Conductive tissue depth 219 

was estimated at each sensor location using the measured diameter at that location in place of 220 

DBH with the sapwood-DBH allometry provided for the site (Bovard et al. 2005, Matheny et al. 221 

2014b). To avoid heartwood penetration past the red oak’s shallow sapwood depth, sensor tines 222 

were trimmed to the depth of sapwood for each location. Dielectric potential was recorded by the 223 

stem water storage sensors via frequency domain reflectometry every minute and averaged to the 224 

half hour. Prior to installation, stem water storage sensors were calibrated to the different 225 

densities of oak and maple wood (Matheny et al. 2015). These species-specific calibration 226 

equations were then used to convert dielectric potential to volumetric water content (VWC). Stem 227 

storage (kg) was calculated for each tree by integrating VWC over the conductive volume of the 228 

bole. Full details of sensor calibration, installation, and data processing are provided in Matheny 229 

et al. (2015).  230 

 231 

Leaf-level measurements 232 

Leaf water potential was measured in canopy-top leaves of mature red oak and red maple 233 

trees exposed to full sun using a pressure chamber (Model 600 PMS Instrument Co., Corvallis, 234 
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OR, USA). Leaves were accessed via a mobile canopy lift. Two leaves from each species were 235 

tested three times per day from 23 June to 12 July 2014 (DOY 174-193). Measurements were 236 

made at roughly 6:00 (‘dawn’), 13:30 (‘noon’), and 16:00 (‘afternoon’). Directly prior to 237 

measurement, the petiole was cut and inserted into the compression gasket, which was then 238 

tightened securely around the stem. Internal chamber pressure was increased until moisture was 239 

visible on the petiole. The corresponding pressure was denoted as ΨL (MPa). 240 

Leaf-level stomatal conductance and photosynthesis were observed in situ on the same 241 

trees from which leaf water potential was measured. Conductance and photosynthesis were 242 

measured using a portable infrared gas analyzer (IRGA) (LI-6400, LI-COR Biosciences, 243 

Lincoln, NE, USA). One leaf per species was measured daily at 13:30 (‘noon’) and 16:00 244 

(‘afternoon’). Each leaf was measured four times per sampling period with a replication rate of 245 

30 s. Ambient CO2 inside the chamber was set at 370 ppm, controlled by the LI-6400 CO2 246 

injection system, and humidity was adjusted with chemical scrubbers to 50%. Leaf temperature 247 

was set to 28 °C using the LI-6400 built-in temperature regulator, while ambient radiation was 248 

used and recorded. Average leaf temperature during measurement was 27.4 ± 2.5 °C for red 249 

maples and 27.1 ± 2.9 °C for red oaks. Mean relative humidity during measurement was 47.2 ± 250 

7.3% and 49.8 ± 7.9% for red maples and oaks respectively. Intrinsic water use efficiency 251 

(WUE) was calculated from the cuvette data as carbon gain normalized by stomatal conductance.  252 

 253 

Tree growth measurements 254 

Bole growth information is collected annually via dendrometer bands located at breast 255 

height on a random subset of trees of all species (n = 933) including red maple (n = 423) and red 256 

oak (n = 114) (Gough et al. 2010). Measured end-of-season diameters are converted to bole 257 

areas, A (cm2), for each year (i) for all years from 2001 to 2014. Annual percent bole growth per 258 

tree is calculated using Equation (1). Only trees with a DBH greater than 8 cm at the beginning 259 

of the 14-year period were included in this analysis. Mean annual bole growth is calculated as 260 

the mean of the annual percent bole growth over all trees of each species. 261 

𝐺𝑟𝑜𝑤𝑡ℎ =  �𝐴𝑖+1−𝐴𝑖
𝐴𝑖

� ∗ 100%        (1) 262 

 263 

Xylem water isotopes 264 

This article is protected by copyright. All rights reserved.



 
 

10 

Tree cores were extracted using an increment borer from multiple mature, canopy-265 

dominant maple and oak individuals in June, July, and August 2014. To avoid damage from 266 

repetitive coring to trees instrumented with sap flow or storage sensors, trees of similar species 267 

and size within the same plot were selected. We designed our sampling to constrain within- and 268 

between-species variability in addition to temporal variability. On 29 June 2014 (DOY 180), we 269 

collected cores from five oaks and four maples to sample within-species variability. To monitor 270 

temporal variability, we collected cores from two individuals of each species daily from 9-13 271 

July (DOY 190-194) and 4-8 August (DOY 216-220). Extracted cores were placed in 20 mL 272 

scintillation vials with a poly-cone lined cap (Wheaton, Millville, NJ, USA) and kept frozen at -273 

80 °C until analysis. 274 

The isotopic composition of xylem water in the cores was determined using a Picarro 275 

L2120-i Cavity Ringdown Spectrometer (CRDS) coupled to a Picarro A0213 Induction Module 276 

(IM, together, IM-CRDS). Samples were prepared for the IM by placing a ~1 mm thick slice of 277 

xylem into a folded metal strip and loading the xylem-strip assembly into a glass vial purged 278 

with zero dry air. Water is extracted by the IM via heating with a programmed induction coil. A 279 

carrier stream of zero dry air transports the evaporated water to the analyzer. The CRDS software 280 

package (Picarro, Inc., Santa Clara, CA, USA) calculates the isotopic composition of the sample 281 

as a mass-weighted integral across the peak. We calibrated measured isotopic compositions to 282 

the Vienna Standard Mean Ocean Water (VSMOW) standard (e.g., Coplen 1996) using lab 283 

standards of known isotopic composition. To perform the calibrations, we transferred 4 µL of 284 

our internal lab standards onto a piece of glass filter paper, and loaded the filter paper into a 285 

metal sample holder identical to those used to analyze the cores. We then measured the isotopic 286 

composition of water in the filter paper using an identical procedure as used for the tree cores. 287 

From these values, we developed a linear transfer function from measured analyzer values to the 288 

VSMOW scale. All tree core samples and standards were analyzed a minimum of three times. 289 

We express our isotopic compositions in delta notation as part-per-thousand deviations from the 290 

VSMOW standard (e.g., 𝛿 = 1000��𝑅𝑠𝑎𝑚𝑝𝑙𝑒 𝑅𝑉𝑆𝑀𝑂𝑊⁄ � − 1� , where R is the heavy-to-light 291 

stable isotope ratio). Median standard errors across all xylem samples were 0.3‰ for δ18O and 292 

1.1‰ for δD. Deuterium excess (d = δD - 8δ18O), which is typically thought to reflect the 293 

magnitude of kinetic fractionation, is calculated following the definition by Dansgaard (1964). 294 

Lower values of d in xylem water indicate a more evaporated, surficial soil water source while 295 
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higher values of d indicate water less affected by evaporation, such as deep soil water or 296 

groundwater (Simonin et al. 2014). 297 

The IM-CRDS method is faster and less expensive on a per-sample basis than traditional 298 

cryogenic distillation techniques (e.g., Ehleringer et al., 2000). However, the technique is new 299 

and therefore, the data require careful consideration (e.g., Berkelhammer et al., 2013). We 300 

outline below four potential concerns. First, volatile organic compounds in the tree core samples 301 

can interfere with spectroscopic isotopic measurements, including CRDS techniques (West et al., 302 

2011). This bias results from spectroscopic overlap of wavelengths absorbed by both water and 303 

organic molecules. The IM seeks to minimize this potential bias by removing organic molecules 304 

through: (a) adsorption to a heated activated carbon column and (b) oxidation by a 305 

micropyrolysis column maintained at 1200°C (e.g., Berkelhammer et al., 2013). Second, isotopic 306 

values in CRDS measurements depend weakly on water vapor concentration, and the correction 307 

varies by instrument and can vary through time (Tremoy et al., 2011). To minimize the potential 308 

influence of this bias, we optimized the IM heating recipe to our samples such that: (a) water 309 

vapor concentrations were kept as constant as possible through the peak and (b) peak shapes 310 

were similar across maple, oak, and standard samples. Third, isotopic memory effects can 311 

influence measured compositions (e.g., Berkelhammer et al., 2013, Gupta et al., 2009).  312 

Instrumental memory occurs when residual vapor from prior analyses remains in the analyzer 313 

cavity, and is measured during subsequent analyses. The influence of memory on the measured 314 

isotopic value depends on the magnitude of isotopic difference between subsequent samples. We 315 

monitored for instrumental memory effects by looking for a linear trend in the isotope values 316 

from the first few analyses of a sample, and we discarded the values where strong memory 317 

effects were apparent. We observed the strongest memory effects between samples of the lab 318 

standards used, which were more isotopically distinct from each other than the maple and oak 319 

samples were from each other. Therefore, we expect the implications of instrumental memory to 320 

be small. Finally, water extraction by IM-CRDS is sensitive to the rate and duration of sample 321 

heating. Ideally, the induction coil should heat the sample just until all of the water is removed. 322 

The sample may combust with further heating, leading to water isotope values that are biased by 323 

combustion-derived water. We monitored our analyses for combustion through visual inspection 324 

of the core sample for charring and of the analyzer peaks following analysis. Combustion water 325 

introduces a long tail to the water concentration peak and marked deviations in measured isotope 326 
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values. Analyses that were influenced by combustion were omitted. While we strived to 327 

minimize instrumental bias from known sources, we note that the IM-CRDS procedure has yet to 328 

undergo extensive validation. Regardless, we maintain that our xylem water measurements 329 

record environmental water sources and variability as xylem water compositions closely match 330 

local environmental waters, and measurements across all samples were consistent.  331 

 332 

Analysis of liquid water samples 333 

We collected samples of local precipitation and nearby surface and ground waters to 334 

constrain the isotopic composition of likely tree water sources. Surface and ground water 335 

samples were collected in 20 mL scintillation vials and were sealed with a poly-cone lined cap 336 

until isotopic analysis. We collected surface water from Douglas Lake on UMBS property and a 337 

stream ~1 km southwest of Douglas Lake. Four precipitation samples were collected 338 

approximately biweekly from mid-June until mid-August in a bucket with a layer of mineral oil 339 

to prevent evaporation  (Scholl et al. 1996, Friedman et al. 2002). We collected precipitation 340 

from the bucket by using a syringe to extract precipitation from below the layer of mineral oil. 341 

After collection, the bucket was emptied, cleaned, dried, and a layer of mineral oil replaced for 342 

the next sample. 343 

We analyzed the isotopic composition of the liquid samples with a Picarro L2120-i 344 

CRDS coupled to an A0211 high precision vaporizer and attached autosampler. We monitored 345 

for organic contamination using the Picarro ChemCorrect software (e.g., West et al. 2011). 346 

Standard errors for liquid water δ18O and δD were below 0.1 ‰ and 0.4 ‰, respectively. 347 

 348 

Sensitivity analysis 349 

 We conducted a sensitivity analysis using the Finite-difference Ecosystem-scale Tree 350 

Crown Hydrodynamics model version 2 (FETCH2) (Mirfenderesgi et al. 2016). FETCH2 351 

approximates water flow through a tree’s xylem system as flow through unsaturated porous 352 

media (Sperry et al. 1998) with conductance and capacitance changing dynamically in response 353 

to stem water potentials. A full model description and formulation are provided in Mirfenderesgi 354 

et al. (2016) and Bohrer et al. (2005). We tested all eight combinations of each studied opposing 355 

trait pair along the three axes of hydraulic control (Figure 1): (1) deep roots, anisohydric stomatal 356 

regulation, ring porous wood; (2) deep roots, anisohydric stomatal regulation, diffuse porous 357 
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wood; (3) deep roots, isohydric stomatal regulation, ring porous wood; (4) deep roots, isohydric 358 

stomatal regulation, diffuse porous wood; (5) shallow roots, anisohydric stomatal regulation, ring 359 

porous wood; (6) shallow roots, anisohydric stomatal regulation, diffuse porous wood; (7) 360 

shallow roots, isohydric stomatal regulation, ring porous wood; (8) shallow roots, isohydric 361 

stomatal regulation, diffuse porous wood. 362 

FETCH2 incorporates plant traits at the leaf, stem, and root levels through suites of 363 

parameters affecting water transport at each level. Two leaf trait parameters, C3 and Φσ, define 364 

stomatal response to leaf water potential and can be tuned to represent isohydry and anisohydry. 365 

Φσ is the inflection point in the stomatal response to xylem water potential (MPa), C3 is a unitless 366 

shape parameter for stomatal response to xylem water potential, and n represents the model’s 367 

time step. We approximated values for these parameters based on leaf water potential data for 368 

red oaks and red maples in our site reported in the present study and by Thomsen et al. (2013) 369 

(Table 2 and Figure 2).  370 
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Where β is the response of stomatal conductance to changes in xylem water potential, E(n)
v is the 372 

FETCH2 calculated actual transpiration (g s-1), E(n)
v,max is the half-hourly potential evaporative 373 

demand determined from canopy top atmospheric conditions used to force the model (g s-1),  Φ is 374 

the xylem water potential calculated by the FETCH2 model (MPa). 375 

 Parameters that describe stem level traits, Φ50 and Φ88, represent the xylem water 376 

potentials (MPa) at 50% and 88% relative water content (RWC) respectively, and are used to 377 

describe the capacitance in response to changing xylem water potentials. Due to the paucity of 378 

measurements of RWC alongside stem water potential in the literature, values for Φ50 and Φ88 379 

were approximated on the basis of observed reliance on stem water storage in this study and the 380 

values obtained through model optimization by Mirfenderesgi et al. (2016) for oak species 381 

(Table 2 and Figure 2).  382 
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Where b is calculated as follows:  384 
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 386 

Kmax (kg m-1 s-1 MPa), C1 (MPa), and C2, represent the maximum xylem conductance and the 387 

shape of the xylem vulnerability curve, respectively, and are used to calculate dynamic changes 388 

in actual xylem conductance, K (kg m-1 s-1 MPa). Together, these stem level traits represent the 389 

effects of xylem architecture on transpiration. Values used for Kmax were reported by Maherali et 390 

al. (2006) for red oak and red maple in Duke Forest in Durham, NC (Table 2).  391 
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Where Asapwood refers to the sapwood area of the tree (m2). C1 and C2, were calculated from 393 

reconstructed xylem vulnerability curves for red oak and red maple using the observed values for 394 

50 and 88 percent conductivity loss provided in the database xylem water potentials compiled in 395 

Choat et al. (2012, Supplemental material) (Table 2 and Figure 2).  For this analysis, all 396 

structural properties of the simulated tree (e.g. sapwood area, crown area, leaf area index, 397 

vertical distribution of leaves, tree height, diameter at breast height, stem taper) were held 398 

constant to allow for isolated, direct comparisons of the effects of differing hydraulic parameter 399 

sets.  400 

 Because FETCH2 lacks an explicit representation of the root component we prescribed 401 

water potentials to serve as the model’s boundary condition for the top of the root system and 402 

base of the stem. We represented deep roots by prescribing a constant high water potential, -403 

0.033 MPa, typically referred to as field capacity (Rawls et al. 1982). A shallow rooting strategy 404 

was simulated by water potential that steadily declined over the seven day dry-down simulation 405 

period from -0.033 MPa (field capacity) to -1.5 MPa (the permanent wilt point (Rawls et al. 406 

1982)) (Figure 2). We forced the model using potential transpiration calculated from the above 407 

canopy conditions as measured at our field site on 17 July 2013, a sunny day with minimal cloud 408 

cover and low to moderate VPD (maximum half-hourly PAR = 1,817.5 μmol m-2 s-1, mean 409 

temperature = 27.6 °C, maximum half-hourly VPD = 2.6 kPa). We recycled these conditions for 410 

seven simulation days. Potential transpiration was determined following Mirfenderesgi et al. 411 

(2016, Appendix A).  412 

 413 

Results 414 
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During the peak growing season of 2014, between 10 July (DOY 191) and 30 September 415 

(DOY 273), daily peak sap flux averaged 40.8 ± 14.3 g m-2 s-1 for red maples and 39.8 ± 12.4 g 416 

m-2 s-1 for red oaks. During this period, stem-stored water use averaged 4.8 ± 2.9 kg day-1 in red 417 

maple, and 2.9 ± 2.4 kg day-1 in red oak. Withdrawal from storage, or the diurnal fluctuation in 418 

the amount of stem-stored water, was largest in red maples when soil water was non-limiting, 419 

and tended to be between 5 and 10 kg day-1. Intrinsic WUE for red maple (101.1 μmol CO2 mol-1 420 

H2O) exceeded that of red oak (84.1 μmol CO2 mol-1 H2O) by 16.9%. 421 

Soil water content decreased by 20% from DOY 211-223 (30 July – 11 August), 422 

constituting a 2-week "mini-drought" (Figure 3A). Red maple sap flux and stem water storage 423 

were strongly affected by this decrease in soil water content, while red oak water fluxes were 424 

not. During this period of limited soil moisture, mean daily maximal sap flux in red maples fell 425 

from 59.8 ± 30.6 g m-2 s-1 (at DOY 211) to 11.5 ± 6.4 g m-2s-1 (at DOY 223), a reduction of over 426 

80%. For the same time period, maximum daily sap flux from red oaks declined by only 31%, 427 

from 46.7 ±  14.9 g m-2s-1 to 32.4 ±  10.6 g m-2s-1 (Figure 3B). Concurrently, maximum daily 428 

stem water storage in red maple fell by 28% from 100.0 kg to 72.1 kg, while remaining nearly 429 

constant (between 108.3 kg and 107.2 kg, i.e., <1% decrease) in red oak (Figure 3C). During the 430 

“mini-drought,” diurnal withdrawal from storage by red maple fell from 13.4 kg on DOY 213 to 431 

0.78 kg on DOY 222. Red oaks demonstrated an opposing pattern. Daily storage withdrawal in 432 

red oaks ranged from 0 to 5 kg when soil water was non-limiting, but rose from 4.0 kg on DOY 433 

211 to 8.4 kg on DOY 222.  434 

To isolate the effect of soil water content on sap flux, we first conducted a multiple linear 435 

regression between integrated daily sap flux, total daily PAR, and daily maximum VPD (R2 = 436 

0.268 and 0.274 for red maple and red oak respectively, P < 0.0001 for both). We used the 437 

residual sap flux from this regression model to calculate a second linear regression against Ψs at 438 

every measurement depth between 5 and 300 cm (n = 7) (Table 3). Due to the non-linear nature 439 

of Ψs, we used an inverse log function of the absolute value of Ψs to linearize the data following 440 

Thomsen et al. (2013). Residual sap flux from red maples demonstrated significant relationships 441 

with Ψs at every depth except 5 and 200 cm, with the most strongly correlated relationship 442 

occurring at 30 cm (P < 0.0001, R2 = 0.20) (Table 3). Residual sap flux from red oaks was 443 

weakly (though significantly) related to Ψs, and only at 300 cm (P = 0.0272, R2 = 0.05) (Table 3). 444 

Soil moisture between 5 and 100cm is strongly auto-correlated (mean R2 = 0.75, P < 0.0001). 445 
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Soil moisture at 200 cm is well correlated with that at 300 cm (R2 = 0.57, P < 0.0001) but is less 446 

well correlated with that in the overlying layers (mean R2 = 0.26, P < 0.0001). It is possible that 447 

red maples draw upon water throughout the shallow soil column, but the autocorrelation between 448 

soil moisture in the shallow layers prevents us from pinpointing precisely where maple root-449 

water uptake occurs. However, these results do suggest that oak water uptake occurs at a deeper 450 

location than maple water uptake.   451 

Leaf water potential measurements illustrated that each species used different leaf 452 

hydraulic strategies. Red maples possessed a narrow range of ΨL between -0.12 and -1.2 MPa 453 

over the 20-day measurement period. Red oaks showed a larger range, -0.13 to -2.2 MPa, almost 454 

double of that of maples during the same period. Red maple ΨL was not strongly affected by 455 

VPD (Figure 4); the only significant relationship between ΨL and VPD (P = 0.0335, R2= 0.21) 456 

occurred in the late afternoon (16:00, Figure 4C). Conversely, red oaks demonstrated strong 457 

correlations between VPD and ΨL during noon-time (13:00, Figure 4D) (P = 0.0040, R2 = 0.46) 458 

and late afternoon (16:00) (P = 0.0117, R2 = 0.3195, Figure 4F). Predawn ΨL was not correlated 459 

with VPD for either species (P > 0.1). 460 

Oak xylem water exhibited more consistent isotopic compositions than maple xylem 461 

water (Figure 5A, B). Maple xylem delta values varied substantially from month to month, while 462 

oak xylem isotope compositions did not. For June, July, and August, mean maple compositions 463 

were -8.8 ± 0.2, -7.2 ± 0.2, and -9.6 ± 0.1 ‰ for δ18O respectively, and -76.3 ± 0.8, -65.0 ± 0.4, 464 

and -78.9 ± 0.3 ‰ for δD. In contrast, mean oak xylem compositions for the same time period 465 

were -10.6 ± 0.2, -10.7 ± 0.2 and -10.5 ± 0.1 ‰ for δ18O and -81.7 ± 0.6, -81.4 ± 1.0, and -78.4 ± 466 

0.4 ‰ for δD. We did not observe any isotopic trends on a day-to-day basis during July and 467 

August when cores were collected over multiple days. 468 

Environmental water source compositions bracket the observed xylem water 469 

compositions. Precipitation compositions were the most variable, ranging from -5.98 to -10.76 470 

‰ in δ18O and -30.62 to -71.19 ‰ in δD from June to August. In contrast, surface water samples 471 

collected from Douglas Lake and from the nearby stream were isotopically invariant. Douglas 472 

Lake water samples ranged from -9.35 to -9.15 ‰ in δ18O and -67.49 to -65.68 ‰ in δD, while 473 

samples from the stream ranged from -9.38 to -9.50 ‰ in δ18O and -67.28 to -69.19 ‰ in δD. 474 

Finally, we measured the isotopic composition of deeper ground waters from three wells located 475 

at the UMBS site. The shallower wells (25 and 47 m depth) had isotopic compositions of -8.12 476 
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and -8.28 ‰ for δ18O and -59.88 and -60.59 ‰ for δD, while the deeper well (130 m depth) had 477 

an isotopic composition of -13.18 ‰ for δ18O and -87.5 ‰ for δD. All xylem water samples had 478 

lower deuterium excess values than any of the observed precipitation values, with red maple 479 

xylem water having substantially lower deuterium excess than that of red oaks (Figure 6). 480 

We analyzed incremental bole growth records from 2001-2014 for both species with 481 

respect to mean annual soil moisture at 30 cm and total annual precipitation. Because 482 

instrumentation at additional soil depths (60 cm and beyond) was not installed until 2010, we 483 

were limited in this analysis to soil moisture at 30 cm depth. For both species, mean annual bole 484 

growth was uncorrelated with total annual and total growing season rainfall (all P > 0.1). Mean 485 

annual soil moisture at 30 cm was not correlated with total annual rainfall (P > 0.1). Bole growth 486 

was not correlated with mean growing season soil moisture. Bole growth of red maples was 487 

positively correlated with mean annual soil moisture (P = 0.0243, R2 = 0.36), while red oak 488 

growth was uncorrelated with mean annual soil moisture (P = 0.08) (Figure 7). Among a sub-489 

sample of trees with the highest growth rates (8 cm < DBH < 20 cm) this relationship was still 490 

stronger in maples (P = 0.0176, R2 = 0.40 for red maples and P =0.31 for red oaks). For the five 491 

years of deep soil moisture measurement data (2010-2014), red maple bole growth was 492 

correlated with mean annual soil between 15 and 300 cm with an average R2 of 0.26. During this 493 

period, bole growth for red oak was uncorrelated with mean annual soil moisture at all depths 494 

(All R2 < 0.09).  495 

A sensitivity analysis was performed using FETCH2 to test the influence of suites of plant traits 496 

at the leaf, stem, and root levels on diurnal transpiration patterns. We used observed plant trait values for 497 

red oaks and red maple when they were available (Maherali et al. 2006, Choat et al. 2012, Thomsen et al. 498 

2013), though we aim to compare the influence of traits at each level and the potential interactions 499 

between them rather than to replicate the exact behavior of our studied trees. In the test case for ‘deep 500 

roots,’ the combinations of anisohydry and ring porous xylem (simulation case #1, roughly representative 501 

of the trait combination in red oak) allowed the highest transpiration rates relative to other trait 502 

combinations. Anisohydry paired with diffuse porous xylem (simulation case #2) and isohydry paired 503 

with ring porous xylem (simulation case #3) yield similar predicted transpiration, while the 504 

isohydry/diffuse porous xylem combination (simulation case #4) exhibits the lowest predicted 505 

transpiration (Figure 8).  506 

For simulations using drying soil conditions, considered representative of a ‘shallow rooting’ 507 

strategy during an inter-storm dry-down period (simulation cases #5-8)  (Figure 8), the trait combinations 508 
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representing anisohydry paired with ring porous wood (simulation case #5) produced the largest 509 

simulated transpiration. Transpiration from isohydric/ring porous (simulation case #7) and 510 

anisohydric/diffuse porous (simulation case #6) combinations began at relatively similar levels when soil 511 

water was abundant (Figure 8), but the two trait pairs diverge as soil moisture declines, with the 512 

isohydric/ring porous combination curtailing transpiration more quickly than the anisohydric/diffuse 513 

porous combination (Figure 8). Transpiration predicted for the isohydric diffuse porous (simulation case 514 

#8, roughly representative of the trait combination in red maple) species remained the lowest of the four 515 

tested combinations. The isohydric/ring porous simulation (simulation cases #3 and #7) displayed 516 

relatively flat transpiration throughout the course of the day regardless of soil (root) water access, typical 517 

of the isohydric stomatal strategy. The three remaining leaf and xylem trait combinations (anisohydry/ring 518 

porous, isohydry/diffuse porous, and anisohydry/diffuse porous) for both deep and shallow root cases 519 

(Figure 8) all demonstrate a diurnal water flux skewed toward the morning hours, with the 520 

anisohydry/diffuse porous case (simulation cases #2 and #6) as the most extreme.   521 

 522 

Discussion 523 

Stem strategy 524 

While red oaks and red maples perform comparably under well-watered conditions, 525 

differences in hydraulic strategies and controls lead to disparate trends in water flux when soil 526 

moisture is low. During periods of adequate soil moisture, sap flux was greater in red maples 527 

than in red oaks (Figure 3). Similar trends were shown for these species in our site in a previous 528 

study conducted by Bovard et al. (2005), as well as for different species of oak and maple at 529 

other sites (Oren & Pataki 2001, von Allmen et al. 2014). However, when soil moisture was 530 

limiting, sap flux and stem water storage declined substantially in red maples but not in red oaks. 531 

In a concurrent study, stem water storage and daily storage withdrawal in red maples were 532 

significantly correlated with Ψs (Matheny et al. 2015). Likewise, after controlling for the effects 533 

of PAR and VPD, residual sap flux in red maples was significantly correlated with Ψs at multiple 534 

shallow depths, while residual sap flux in red oaks was correlated with Ψs at only 300 cm (Table 535 

3). In oaks, sap flux and stem water storage were only moderately impacted by the mini-drought, 536 

while both declined by large degrees in maples (Figure 3). Matheny et al. (2015) found that stem 537 

water storage in oaks was only significantly positively correlated with Ψs when soil was wettest, 538 

and that a negative correlation existed between withdrawal from storage and Ψs, indicating that 539 

oaks relied upon stem-stored water for transpiration during times of depleted soil water only. 540 
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Conversely, red maples were found to rely heavily on daily withdrawal from storage to supply 541 

the diurnal transpiration stream (Matheny et al. 2015). The limited reliance on diurnal storage 542 

withdrawal by red oak, and the larger reliance on stored water by red maple, are consistent with 543 

observations made in other ring- and diffuse-porous species (Wullschleger et al. 1996, Kocher et 544 

al. 2013). Meinzer et al. (2013) similarly revealed that in a mixed deciduous forest in 545 

Pennsylvania, diffuse-porous species were twice as sensitive to changes in soil moisture as co-546 

occurring ring-porous trees. 547 

 548 

Leaf strategy  549 

In addition to their xylem architecture differences, red oaks and red maples exhibit 550 

distinct patterns of stomatal regulation. Although iso- and anisohydry are typically discussed 551 

with respect to Ψs, we aim to create a discussion of whole-plant hydraulics where water status in 552 

each organ is linked, in order, along the soil-root-stem-leaf-atmosphere continuum. Therefore, 553 

we chose to relate ΨL to the atmospheric VPD during each measurement period (following 554 

stomatal optimization theory), rather than directly to soil moisture (following cohesion-tension 555 

theory) (Novick et al. 2015). The strong noon and afternoon correlations between ΨL and VPD in 556 

red oak are characteristic of an anisohydric hydraulic strategy, where transpiration is sustained at 557 

highly negative ΨL (Figure 4D, F). In contrast, the weak relationship between ΨL and VPD 558 

during the afternoon in red maple represents a more isohydric strategy (Figure 4E). These results 559 

agree with the traditional method of comparing ΨL to Ψs (Thomsen et al. 2013). In a synthesis 560 

analysis, 12 out of the 13 Quercus species studied exhibited anisohydric stomatal regulation, 561 

despite the increased embolism vulnerability associated with ring-porous xylem (Martinez-562 

Vilalta et al. 2014). Maherali et al. (2006) demonstrated that species with more vulnerable xylem 563 

architectures, including seven species of Quercus, tended to have higher stomatal conductance 564 

and photosynthetic rates. Under all soil water conditions, leaf WUE was greater in red maples 565 

than in red oaks. Similarly, higher WUE has been documented in isohydric genotypes of poplars 566 

than their anisohydric counterparts (Attia et al. 2015). Higher WUE is expected for isohydric 567 

species that limit stomata opening to times when VPD is low, causing less water loss from the 568 

stomata per unit CO2 assimilated.  569 

 570 

Root strategy 571 
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Several studies postulate that a deep rooting strategy allows oaks to maintain 572 

transpiration at low ΨL in spite of their risk-prone vasculature and anisohydric stomatal 573 

regulation strategies (e.g. von Allmen et al. 2014, Bovard et al. 2005, Oren & Pataki 2001, 574 

Matheny et al. 2014b, Thomsen et al. 2013, Abrams 1990, Baldocchi & Xu 2007, Hernandez-575 

Santana et al. 2008). However, few offer clear evidence of water uptake from deep roots (Miller 576 

et al. 2010, Phillips & Ehleringer 1995). Our xylem water isotope measurements indicate 577 

differential water uptake between the two species with oaks preferentially take up more water 578 

from deeper roots than maples. The more consistent isotopic compositions observed in red oak 579 

xylem water relative to that in red maple imply that oaks obtain water from a more consistent 580 

water source than maples (Figure 5). The isotopic variability of soil water decreases with depth 581 

in the soil column (e.g. Barnes & Turner 1998, Breecker et al. 2009). Near the surface, the 582 

isotopic composition of soil water reflects a balance between precipitation and evaporation, and 583 

can change substantially after individual precipitation events (e.g. Gazis & Feng 2004, Barnes & 584 

Allison 1988). For our site, the standard deviation around the mean seasonal soil moisture 585 

declines dramatically below 100 cm (Table 3). We interpret this depth to be near the threshold of 586 

extent for large evaporation effects on soil moisture. During dry interstorm periods, evaporation 587 

from the soil surface enriches the residual water in heavy isotopes. As a result, soil water above 588 

~100 cm shows strong isotopic change on timescales of days to weeks. In contrast, isotopic 589 

compositions of deeper soil water (> ~100cm) exhibit less variability since they are not subject 590 

to the direct effects of evaporation, and water infiltrates to these depths only during large 591 

precipitation events (Barnes & Turner 1998). Xylem water isotopes of red maple were observed 592 

to vary strongly throughout the season, and track towards precipitation compositions (Figure 5, 593 

Figure 6). This suggests that red maples predominantly use shallow water sources, consistent 594 

with the high correlations observed between sap flux and Ψs from ~15-100 cm (Table 3). In 595 

contrast, red oak xylem water compositions are more constant throughout the growing season, 596 

implying a deeper, less variable water source (Figure 5, Figure 6). This is consistent with the 597 

observation that sap flux is only significantly correlated with the deepest Ψs measured (300 cm, 598 

Table 3). 599 

The relationship between the δ18O and δD compositions in extracted xylem water 600 

provides additional isotopic evidence for water source differentiation. Evaporation from the top 601 

soil layers fractionates H2
18O relative to H2

16O more than HD16O relative to H2
16O as a result of 602 
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the larger mass difference between the former pair of isotopologues compared to the latter. 603 

Therefore, evaporated water will deviate strongly from the meteoric water line, and have lower 604 

deuterium-excess values (d-excess, d = δD-8δ18O). Several studies have shown that rooting depth 605 

can be inferred from the d-excess parameter, with lower d-excess values implying a shallower 606 

rooting depth (West et al. 2012, Simonin et al. 2014, Dawson & Simonin 2011, Dawson 1993). 607 

Deuterium-excess values for red maple are generally lower than red oak (Figure 6). These values 608 

were also lower than any of the environmental water sources sampled, likely due to evaporation 609 

between soil infiltration and root uptake. In contrast, oak xylem water d-excess values overlap 610 

with the values observed for local surface waters and for shallow ground water sampled from 611 

wells (Figure 6). These results demonstrate that red maple predominantly uses shallow soil 612 

waters, while red oak uses deeper soil waters. 613 

 614 

Whole-plant hydraulic strategy 615 

The proposed safety-efficiency tradeoff is typically discussed with respect to traits 616 

existing within the same plant organ (i.e. xylem) (Manzoni et al. 2013, Gleason et al. 2016). 617 

However, if we extend the theoretical concept to the emergent whole-plant hydraulic framework, 618 

we could consider red oaks and maples within our research site as representations of opposing 619 

ends of this spectrum. Red oaks did not exhibit the water stress that would be predicted from 620 

their cavitation risk-prone xylem architecture and leaf hydraulic strategy. In fact, red maple, a 621 

risk-adverse species, proved more sensitive to soil water content than oak (Figure 3, Figure 4). 622 

Coupled with the xylem isotope analysis, these results indicate that during conditions typical to a 623 

hydrologically regular year, the rooting strategy of red oaks offsets and may overcome the risks 624 

associated with its leaf and xylem hydraulic traits. Due to deeper root-water uptake, red oaks are 625 

able to maintain steady transpiration rates during dry periods. Red maples, which rely more on 626 

ephemeral surficial soil waters and employ risk-adverse xylem and leaf traits, are unable to meet 627 

the levels of ΨL required for maintaining high transpiration rates by the isohydric stomatal 628 

strategy when soil moisture is low. Therefore, red maples close stomata in response to high VPD 629 

and suffer depleted stem water storage in dry inter-storm periods. 630 

Traits along each of the three axes of the whole-plant hydraulic strategy (i.e. leaf, stem, 631 

and root) synergistically control stomatal conductance and thus both transpiration and 632 

photosynthesis. Over a long timescale, these factors affect plant growth and survival. In our site, 633 
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the deep rooting strategy of red oaks increases the ability to endure short-term (days-weeks) 634 

water stress without catastrophic loss of conductivity or reductions in growth. Red oaks 635 

demonstrated no correlation between incremental annual bole growth and mean annual soil 636 

moisture at 30 cm, while red maple displayed a strong correlation (Figure 7). Bole growth was 637 

not correlated with mean growing season soil moisture, which may relate to the complex 638 

climatological and ecological significance of the winter precipitation (Reinmann & Templer 639 

2016) and to the uneven distribution of bole growth throughout the growing season (Jackson 640 

1952). Nonetheless, our growth analysis results demonstrate that red maple growth responds to 641 

soil water status at shallow depths, while oak growth does not. The carbon starvation hypothesis 642 

posed by McDowell et al. (2008) states that anisohydric species are susceptible to extreme 643 

drought due to hydraulic failure, while isohydric species will experience mortality during a 644 

prolonged drought due to limitations on carbon uptake imposed by tight stomatal control. The 645 

correlation between soil moisture and growth in the isohydric, but not the anisohydric species, 646 

supports this hypothesis. The additional drought tolerance afforded to red oak through its rooting 647 

strategy makes it less vulnerable to hydraulic failure than hypothesized on the basis of its 648 

stomatal regulation strategy and xylem architecture. This result highlights the importance of a 649 

synergistic, whole-tree approach to the study of tree hydrodynamics and their role in drought 650 

mortality. Ecologically, the combination of deep or efficient roots, highly conductive hydraulic 651 

tissues and anisohydric stomatal strategy may be important for drought tolerance particularly in 652 

arid and semi-arid regions (Brooks et al. 2010, Miller et al. 2010). Shallow roots, isohydric 653 

stomatal regulation, and less-conductive wood may be traits of species which are highly 654 

competitive in relatively wet places and during periods of high surface soil moisture, while 655 

avoiding stress when soil moisture availability is low.  656 

Results from the sensitivity analysis demonstrated that traits at each organ level play a 657 

defining role in shaping intra-daily transpiration dynamics, as well as the transpiration response 658 

to drying soil (Figure 8). The diversity in the magnitude and the diurnal pattern generated by 659 

each of the trait combinations affirms the importance of using a whole-plant framework to 660 

characterize plant hydraulic strategy rather than a single axis. We emphasize that our sensitivity 661 

analysis did not aim to reproduce our sap flux results, and there are similarities and differences 662 

between observed sap flux and the transpiration sensitivity test simulations for the suites of traits 663 

that match most closely with traits observed for red oak (simulation case #1) and red maple 664 
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(simulation case #8). Similarly to the measured oak sap flux during the mini-drought (Figure 3), 665 

the simulated transpiration from case #1 (Figure 8) showed limited skewness towards the 666 

morning hours and no decline across the 7-day simulation period. In contrast to the observed sap 667 

flux data in which sap flux from maple exceeded that of oak during non-limiting soil conditions 668 

(Figure 3), the magnitude of simulation case #1 consistently exceeded that of simulation case #8 669 

(most similar to red maple, Figure 8) as well as that of case #4 (isohydric, diffuse porous, deep 670 

roots, Figure 8) which could be considered analogous to a constantly well-watered maple. As in 671 

the sap flux data recorded for maple, transpiration from simulation case #8 (Figure 8) declined 672 

steadily with declining soil water availability to near zero with a distinct skew towards the 673 

morning hours. Diurnal skewness is most pronounced during the least dry days of the simulation 674 

(Day 1 and Day 2) and becomes increasing smaller as overall transpiration declines. Observed 675 

sap flux, on the other hand, manifests the skew most strongly when the soil is driest (DOY 221 676 

and 222, Figure 3).  677 

This skewed shape of diurnal transpiration depends on the stomatal response to VPD as 678 

well as the use of stem-stored water for transpiration early in the day, and is partially responsible 679 

for the diurnal hysteresis of transpiration (Novick et al. 2014, Zhang et al. 2014, Matheny et al. 680 

2014b). This hysteresis has been hypothesized to be the source of missed intra-daily dynamics of 681 

latent heat flux as simulated by land-surface models (Matheny et al. 2014a). Current land-surface 682 

models (LSMs) cluster species into plant functional types (PFTs), which characterize trees by 683 

phenology, leaf traits, and bioclimatic limits, but do not explicitly represent hydraulic properties 684 

(Matheny et al. 2016, Quillet et al. 2010, Yang et al. 2015). For example, red oaks and red 685 

maples are often assigned to the same PFT (temperate deciduous broadleaf), despite their distinct 686 

patterns of water acquisition and use. As such, these models are prone to mischaracterize 687 

hydrologic cycling between the land surface and the atmosphere, and are unlikely to simulate 688 

realistic ecosystem response to droughts, disturbances, or climate change (Link et al. 2014). 689 

LSM representation of land-atmosphere water fluxes may be improved by replacing current PFT-690 

based parameterizations with new parameterizations that account for variability in whole-plant 691 

hydraulic traits (Matheny et al. 2016). Alternatively, the incorporation of statistically scalable 692 

tree-level hydrodynamics models (e. g. Sperry et al. 1998, Bohrer et al. 2005, Janott et al. 2011, 693 

Gentine et al. 2015, Mirfenderesgi et al. 2016) into existing LSM schemes will permit leaf, stem, 694 

and root level traits to be accounted for directly. The work of Xu et al. (2016) demonstrates this 695 

This article is protected by copyright. All rights reserved.



 
 

24 

pathway for model improvement. Although this method to incorporate plant hydraulic strategies 696 

into LSMs will require increased model parameterization, tools such as the TRY Global Plant 697 

Trait Database (Kattge et al. 2011) and frameworks of ecosystem level functional properties 698 

(Musavi et al. 2015) will facilitate the effort.  699 

 700 

Conclusion 701 

The emergent phenotypical hydraulic traits at each of the root, stem, and leaf levels 702 

combine to form a whole-plant hydraulic strategy. This strategy shapes inter- and intra-daily 703 

patterns of water flux, which contribute to long-term patterns of growth and individual responses 704 

to microclimate. The outcomes of these species-specific behaviors may remain unresolved by 705 

current modeling frameworks due to the over-aggregation of hydraulically dissimilar species into 706 

the same functional class. We therefore advocate the incorporation of more physically and 707 

structurally realistic plant hydraulics sub-models into larger land-surface and ecosystem models. 708 

These plant hydraulics models, such as FETCH2, will replace the current empirical link between 709 

soil moisture and stomatal conductance with mechanistic representations of stomatal response to 710 

stem, branch, or leaf water potential. Our results suggest that improving model parameterizations 711 

in this manner will be critical for improving simulations of ecosystem responses to drought and 712 

other changes to canopy structure, forest composition, and climate. Increased accuracy in model 713 

representations of transpiration and the combination of traits that control it will translate directly 714 

into better predictions of growth and mortality, as well as improved simulations of the terrestrial 715 

surface energy budget and global carbon and water balances. 716 
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Table 1: Numbers and size ranges of sample trees used for each group of tree measurements. 

Sap flux                               Red maple         Red Oak 

Measurement dates: 1 May – 31 September 2014 

Number of individuals 8 10 

DBH range (cm) 11.9-22.3 21.7-37.2 

Stem water storage 

Measurement dates: 10 July -14 September 2014 

Number of individuals 1 1 

DBH (cm) 21.3 29.6 

Leaf level measurements 

Measurement dates: 23 June – 12 July 2014 

Number of individuals 3 3 

DBH range (cm) 19.2-28.7 24.0-33.5 

Xylem cores 

Measurement dates: 29 June, 9-13 July, 4-8 August 2014 

Number of individuals 5 5 

DBH range (cm) 22.8-37.2 33.5-47.9 

Growth measurements 

Measurement dates: annually from 2001-2014 

Number of individuals 423 114 

DBH range (cm) 8.2-40.6 9.5-58.5 
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Table 2: Trait values and references for parameters used to test FETCH2 sensitivity to leaf and 

stem level traits. Risk prone strategies indicate anisohydry or ring porous xylem. Risk adverse 

strategies represent isohydry or diffuse porous xylem. 

Organ Trait Risk prone  Risk adverse Reference 

Leaf C3 4 (unitless) 7 (unitless)   Approx. from Thomsen et al. (2013) 
Φσ -2.5 MPa -1.2  MPa  Approx. from Thomsen et al. (2013) 

Stem 

ϕ50 -2.5 MPa -2.0 MPa  (Mirfenderesgi et al. 2016) 
ϕ88 -0.5 MPa -0.3 MPa  (Mirfenderesgi et al. 2016) 
Kmax 1.33 kg m-1s-1MPa 0.55 kg m-1s-1MPa  (Maherali et al. 2006) 
C1 -1.99 MPa -2.58 MPa  Calc. from Choat et al. (2012) 
C2 1.71 (unitless) 1.35 (unitless)  Calc. from Choat et al. (2012) 

 1028 
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Table 3: Seasonal mean soil moisture (θ, m3m-3) and standard deviations for each measurement 

depth. Linear regression statistics for the relationship between residual sap flux and all seven soil 

moisture measurement depths between 5 and 300 cm. Residual sap flux is the residual generated 

by a linear regression of sap flux (dependent variable) and PAR and VPD and Ψs (independent 

variables). Significant values are indicated with an asterisk, the most significant relationship for 

each species is indicated by a double asterisk. 

 Mean seasonal θ Red maple Red Oak 

Depths m3m-3 P values R2 P values R2 

5 cm 0.086 ± 0.024 0.1812 0.0202 0.7638 0.0010 

15 cm 0.109 ± 0.027 0.0001* 0.1614 0.4075 0.0078 

30 cm 0.101 ± 0.021 8.9E-6** 0.2019 0.3045 0.0120 

60 cm 0.083 ± 0.018 0.0003* 0.1360 0.2756 0.0135 

100 cm 0.076 ± 0.018 0.0002* 0.1507 0.3231 0.0111 

200 cm 0.043 ± 0.002 0.1590 0.0224 0.9534 0.0000 

300 cm 0.044 ± 0.004 0.0009* 0.1190 0.0272** 0.0542 
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Figure Captions:  1034 

Figure 1: Schematic diagram of risk levels associated with hydraulic strategy at each of the three 

levels of plant hydraulic control. 

 1035 

Figure 2: Characterization of the different hydraulic traits: (A) Isohydric and anisohydric 

responses of stomatal conductance (β) as a function of leaf water potential. Weibull-shaped 

response curves are defined by C3 and Φσ as given for anisohydry (value 1) and isohydry (value 

2) in Table 2. (B) Response of relative xylem water content (RWC) to stem water potential as 

approximated for ring (left) and diffuse porous (right) trees. Curve shapes are defined by Φ50 and 

Φ88 for ring porous (value 1) and diffuse porous (value 2) as listed in Table 2. (C) Xylem 

conductivity for ring and diffuse porous species as constructed using values for red oak and red 

maple from Choat et al. (2012). Curve shapes are defined by parameters C1 and C2 as listed for 

ring (value 1) and diffuse porous (value 2) species in Table 2. (D) Water potential at the top of 

the root system (bottom-of-stem boundary condition) during a week-long dry-down event, as 

prescribed for cases having deep and shallow roots.  

 1036 

Figure 3: Precipitation (mm) and soil water content (m3 m-3) integrated across the 3 m soil 

column (A), mean sap flux (g m-2s-1) for red oak (n = 10) and red maple (n = 8) trees (B),  and 

stem water storage (kg) (C) for day of year 191-260 2014. The 2-week period of an inter-storm 

dry-down, or "mini-drought" (DOY 211-224), is marked by dashed vertical lines. 

 1037 

Figure 4: Relationships between leaf water potential (ΨL, MPa) and vapor pressure deficit (VPD, 

kPa) at three times during the day for each species. Red oak leaf water potential was correlated 

with VPD at noon (13:30) (panel D, P = 0.0040 R2 = 0.46) and in the afternoon (16:00) (panel F, 

P = 0.0117, R2 = 0.32). Leaf water potential of red maple was weakly correlated to VPD in the 

afternoon (16:00) (panel E, P = 0.0335, R2 = 0.21), but uncorrelated at dawn and noon.  
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Figure 5: Isotopic compositions (δD vs δ18O) of xylem from red oak (A) and red maple (B) 

samples and environmental water samples (C). Isotopic compositions are reported as per mil 

deviations from the Vienna Standard Mean Ocean Water (VSMOW) standard.  Error bars denote 

one standard error. Well waters were collected in August only. Samples that were collected in 

multiple months are color-coded by month. In all panels, the solid black line is the global 

meteoric water line, which describes the global relationship between δD and δ18O in precipitation 

(Craig 1961). Maple xylem compositions (B) vary more than oak xylem (A) compositions 

throughout the collection period, indicating that the water sources used by maples are more 

isotopically variable than those used by oaks. 

 

Figure 6: Deuterium excess for environmental and xylem water samples. The isotopic ranges 

observed in environmental water sources that were measured throughout the summer are shown 

as gray bars. Increasingly negative deuterium excess indicates that more evaporation has 

occurred. Samples having more evaporated isotopic signatures are associated with shallower 

water sources. Monthly means are presented by large black diamonds. Error bars on individual 

points are standard error (grey), and are the standard deviation of the distribution (black). 

 

Figure 7: Mean annual bole growth (%) for years 2001-2014 for red oak (dots) and red maple 

(diamonds) as a function of soil moisture at 30 cm depth (m3 m-3). Bole growth of red maple was 

strongly correlated with mean annual soil moisture (P = 0.0243, R2 = 0.36), while bole growth in 

red oak was not correlated to mean annual soil moisture (P =0.08). 

 

Figure 8: Sensitivity of simulated FETCH2 transpiration to different combinations of emergent 

leaf trait (iso- or anisohydry) and xylem structure (ring or diffuse porous) assuming steady access 

to high (less negative) soil water potential afforded through a deep rooting strategy (dotted lines) 

or a shallow rooting strategy (solid lines). The shallow rooting strategy is described by steadily 

declining soil water potential (from -0.033 MPa on Day 1 to -1.5 MPa on Day 7). 
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