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Abstract

Key message Greater transport capacity of diffuse- vs.

ring-porous stem networks translated into greater

water use by the diffuse-porous co-dominant, but sim-

ilar growth indicated higher water use efficiency of the

ring-porous species.

Abstract Coexistence of diffuse- vs. ring-porous trees in

north-temperate deciduous forests implies a complemen-

tary ecology. The contrasting stem anatomies may result in

divergent patterns of water use, and consequences for

growth rate are unknown. We investigated tree hydraulics

and growth rates in two co-dominants: diffuse-porous Acer

grandidentatum (‘‘maple’’) and ring-porous Quercus gam-

belii (‘‘oak’’). Our goals were (1) document any differences

in seasonal water use and its basis in divergent stem

anatomy and (2) compare annual growth rates and hence

growth-based water use efficiencies. At maximum tran-

spiration, maple trees used more than double the water than

oak trees. Maple also had more leaf area per basal area,

resulting in similar water use per leaf area between species.

Maple had ca. double the tree hydraulic conductance than

oak owing to greater conductance of its diffuse-porous

stem network (leaf- and root system conductances were

less different between species). Water use in maple

increased with vapor pressure deficit (VPD), whereas in

oak it decreased very slightly indicating a more sensitive

stomatal response. Seasonably stable water use and xylem

pressure in oak suggested a deeper water source. Although

maple used more water, both species exhibited similar

annual biomass growth of the above-ground shoot network,

indicating greater growth-based water use efficiency of oak

shoots. In sum, water use in maple exceeded that in oak and

was more influenced by soil and atmospheric water status.

The low and stable water use of oak was associated with a

greater efficiency in exchanging water for shoot growth.

Keywords Water use efficiency � Ecological wood

anatomy � Xylem structure and function � Hydraulic

architecture � Metabolic scaling � Tree ecophysiology

Introduction

Coexistence of ring- and diffuse-porous species is the rule

for many north-temperate deciduous forests (Barbour and

Billings 1988), suggesting the two tree types maintain a

competitive balance despite their contrasting stem wood

anatomy. Diffuse-porous trees rely on multiple growth

rings of relatively narrow vessels for stem water transport,

whereas ring-porous trees transport water through typically

one ring of large earlywood stem vessels (the latewood

vessels are too few and narrow to carry much transpira-

tional flow; Zimmermann 1983). The difference in anat-

omy has implications for the duration and quantity of water

transport during the growing season. But less is known of

whether contrasts in stem anatomy and water transport

translate into differences in growth rate, a trait critical for

competitive ability. Our goal was first to document sea-

sonal water use and associated hydraulic traits in a co-

dominant species pair with diffuse vs. ring-porous stem
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anatomies, and second to compare the efficiency of the

exchange between water use and growth of the above-

ground shoot (stem network ? leaves) between the two

species.

Trade-offs between diffuse- vs. ring-porous architec-

tures probably underlie their coexistence in temperate

hardwood forests. The two anatomical types have distinct

differences concerning the problem of winter xylem

embolism. The narrower vessels of diffuse-porous trees

(e.g.,\50 lm) are less vulnerable to embolism by freeze–

thaw cycles, and many species have mechanisms for gen-

erating positive xylem pressures in early spring to refill any

vessels that have embolized (Hacke and Sauter 1996; Davis

et al. 1999). The genus Acer, for example, can refill by

stem pressures in early spring, as well as by root pressure

(Sperry et al. 1988). Resistance to freeze–thaw embolism

and spring refilling enables multiple growth rings to be

active for growing season transport. Bud-burst occurs rel-

atively early in spring, consistent with minimal vascular

vulnerability to the occasional spring freeze. In contrast,

the much wider vessels of ring-porous trees (e.g.,

[100 lm) are exceedingly vulnerable to freeze–thaw

embolism, but are also much more efficient (per vessel) at

water transport. Hence, rather than refilling previous year’s

vessels, ring-porous trees produce a new set of relatively

few, but efficient, vessels in concert with bud-burst (Zim-

mermann 1983). However, bud-burst occurs considerably

later in spring when the risk of an embolism-inducing

freeze is very low (Wang et al. 1992; Jaquish and Ewers

2001). The ring- vs. diffuse-porous distinction applies to

stem xylem, and not coincidentally, because stems are the

part of the tree most exposed to freezing temperatures.

Root wood of ring-porous trees can maintain multiple years

of functional sapwood (Jaquish and Ewers 2001), and

where examined their anatomy is not qualitatively different

from the typically wide-vesseled root wood of diffuse-

porous trees (Gasson 1985).

There are also different responses of diffuse- vs. ring-

porous species to growing season water stress. The narrow

vessels in diffuse-porous stems are associated with a wide

range in vulnerability, with some species being very

resistant to embolism (Hacke et al. 2006). In contrast, the

larger vessels of ring-porous stems may make this tree type

more uniformly vulnerable to embolism by water stress

(Bush et al. 2008; Litvak et al. 2012). Although the diffuse-

vs. ring-porous comparison is complicated by possible

artifacts in determining vulnerability to embolism in large-

vesseled species (Cochard et al. 2010), recent studies on

ring-porous Q. gambelii support high vulnerability of a

sizeable fraction of the large vessels (Christman et al.

2012; Sperry et al. 2012a). Q. gambelii stems are reported

to lose 50 % of its hydraulic conductivity at a xylem

pressure of about -1.1 vs. -3.5 MPa in co-occurring

diffuse-porous Acer grandidentatum (Alder et al. 1996;

Christman et al. 2012).

If there is indeed a general distinction between vulner-

ability to cavitation by water stress in these two functional

groups, the more vulnerable ring-porous species might be

expected to protect their stem xylem from exposure to low

pressures by some combination of deep rooting, isohydric

stomatal regulation of canopy xylem pressure (i.e., a strong

response to vapor pressure deficit, VPD), and habitat (Bush

et al. 2008). The differences in wood anatomy and vul-

nerability could also translate into differences in absolute

rates of water consumption, whole-tree hydraulic conduc-

tance, and growth rates. Is the same amount of water

transported in the relatively few large current year vessels

of a ring-porous stem network as in the exceedingly more

numerous but narrow vessels of a diffuse-porous one? And

is water usage per growth comparable between the two tree

types?

In this paper, we conduct a comprehensive comparison

of water use, whole-tree hydraulic conductance, and

growth rates over a season between co-occurring A.

grandidentatum (diffuse-porous) and Q. gambelii (ring-

porous). These two species form a shrub-woodland in the

Intermountain West of the U.S. between the low elevation

grass-shrublands and the high elevation spruce-fir forests

(Barbour and Billings 1988). Typical of the region, the

oak-maple woodland receives the majority of its annual

precipitation as winter snow and experiences a predictable

summer drought. Like the extensively studied Pinyon-

Juniper woodlands of the Colorado Plateau and south-

wards, the simple Acer-Quercus community provides an

opportunity for understanding how co-dominant species

partition limited water resources.

Our Acer-Quercus comparison was designed to detect

inherent differences between the species, so trees were

studied along a riparian corridor to minimize variation in

soil water supply, and results were normalized for varia-

tion in tree size. Our goals were (1) to document and

explain inherent differences in water use, particularly

their linkage to divergent stem anatomy, and (2) deter-

mine whether differences in water use efficiency modulate

how water usage corresponds to net growth of the above-

ground branching system. Water use and hydraulic con-

ductances were expressed on both a whole-tree and leaf-

area basis. We partitioned tree conductance into root,

stem, and leaf components, expecting any differences to

be mainly confined to stems where the ring- vs. diffuse-

porous differences are manifest. Although a portion of the

results have been published in a study designed to test a

theoretical model of metabolic scaling (von Allmen et al.

2012), here we report additional data and analyses of the

comparative ecophysiology of the Acer-Quercus species

pair.
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Materials and methods

Study sites

We studied three natural stands of A. grandidentatum

(Nutt) (‘‘maple’’ hereafter) and Q. gambelii (Nutt) (‘‘oak’’)

in the riparian zone of Red Butte Canyon Research Natural

Area approximately 8 km east of Salt Lake City, Utah

(40�470N and 111�480W, stands at 1,660, 1,680, 1,730 m

elevation). The area receives roughly 500 mm of annual

precipitation mostly as snow in the winter (Ehleringer et al.

1992). Stands were selected to have continuous canopy

without isolated individuals.

Climate and meteorological data

Temperature and percent relative humidity were measured

(HMP35C, HMP50, CS500; Campbell Scientific, Logan,

Utah) at each stand every 30 s and averaged and stored

every 30 min in dataloggers (CR7X; Campbell Scientific,

Logan, Utah) from June through September 2009. The air

temperature and relative humidity were used to calculate

atmospheric vapor pressure deficit (VPD). Photosynthetic

active radiation (PAR) was measured with a Li-cor quan-

tum sensor (LI-190SZ, Li-cor Biosciences, Lincoln,

Nebraska) every 30 s and averaged every 30 min by a

datalogger (CR10X; Campbell Scientific, Logan, Utah)

roughly 1 km away at an existing weather station in Red

Butte Canyon. Daily precipitation was measured at the

same weather station with a tipping-bucket rain gauge

(TE525; Campbell Scientific, Logan, Utah).

Whole-tree sapflow

Whole-tree sapflow (Q, Table 1 lists important symbols

used) was measured across a range of tree diameters

(D) in each species from Red Butte Canyon RNA (oak D:

4–23 cm, maple D: 5–26 cm). The upper diameter range

approached the maximum for this riparian forest. At each

of the three sites, 6 trees per species were selected with

upper canopies in full sun. Across sites there was a total

18 individuals from each species. Trees were rooted

17–34 m away from the stream, and 6–9 m above the

stream surface.

The rate of water transport was measured at each tree

using heat dissipation sensors (Granier 1985). Granier

sensors measure the temperature difference (DT) between a

constantly heated downstream sensor and an unheated

sensor located upstream. Paired sensors were inserted

15 cm apart (axially) on random sides of the tree trunk at

breast height. Standard Granier probes (20 mm long) were

used in maple, while shorter probes (10 mm long) were

used for oak because of its shallow active xylem layer. Sap

flowing past the heated sensor dissipates heat and mini-

mizes DT. The DT relative to the maximum value at zero

flow (DTm) is empirically related to the sap flow per sap-

wood area Js = a((DTm/DT) - 1)b. Parameters a and b are

best-fit values. The DT was measured every 30 s and

averaged every 30 min using dataloggers (CR7X, Camp-

bell Scientific, Logan, Utah) from mid-June until leaf

senescence (June 15-Oct 31, 2009). Tree Q was expressed

as daily sums, mid-day averages, and mid-day maximum

per tree (Qmax, see below).

Table 1 Frequently used

symbols, their definitions, and

units employed

Symbol, definition Units

AL, leaf area cm2

AB, basal area of twig or trunk cm2

D, trunk diameter above root collar cm

K, tree hydraulic conductance kg hr-1 MPa-1

Ks, size-standardized tree hydraulic conductance kg hr-1 MPa-1 cm-q

PPD, predawn xylem pressure MPa

PMD, PRC mid-day leaf pressure, root crown pressure MPa

DP, total soil-canopy mid-day pressure drop MPa

DP’, mid-day pressure drop minus gravitational component MPa

Q, tree sapflow rate kg hr-1

Qmax, seasonal maximum mid-day sapflow rate kg hr-1

QL, seasonal maximum mid-day sapflow per leaf area kg hr-1 m-2

Qs, size-standardized mid-day sapflow rate kg hr-1 cm-q

q, Qmax by Dq scaling exponent –

Rtree, tree hydraulic resistance = 1/K hr MPa kg-1

Rshoot, Rroot, hydraulic resistance in shoot and root system hr MPa kg-1

Rleaf, Rstem, hydraulic resistance in leaves and stem network hr MPa kg-1

rleaf, area-specific resistance of individual leaf s kPa m2 mg-1
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Recent tests have validated Granier’s original calibra-

tion, where a = 0.119 mm s-1 and b = 1.23 for diffuse-

porous species (20 mm probes) growing in the Salt Lake

City area, but indicate that new calibrations are necessary

for ring-porous species (Bush et al. 2010). Therefore, we

used Granier’s coefficients for maple, but calibrated oak as

described in von Allmen et al. (2012). The oak calibration

gave a = 7.17 mm s-1 and b = 1.33 (von Allmen et al.

2012).

To obtain whole-tree sapflow (Q = Js 9 Asw) from

sensors in the field, total cross-sectional sapwood area

(defined as active conducting area, Asw) was calculated

from sapwood depth measured from tree cores. A single

core was collected from each experimental tree using a

12-mm increment borer (Haglöf, Sweden). In the oak,

water transport was only detectable in the outermost ring of

earlywood vessels, as indicated by dye perfusions used to

calibrate the oak sensors (von Allmen et al. 2012). Con-

ducting sapwood area in oak was estimated by measuring

the area of the current year’s ring of large earlywood

vessels (equivalent to the area of the narrow dye-stained

ring in the calibrated stems). To determine actively con-

ducting sapwood area in maple, holes were drilled under

water into the center of the trunk and injected with 0.1 %

Safranin O dye. This was performed at mid-day only on

full sun days. Cores were taken from the height between

the sensors (10 cm above the dye injection site) after trees

had transpired dye for 1 h. The dyed sapwood depth was

used to calculate the conducting sapwood area (Asw). A

correction according to Clearwater (1999) was applied in

cases where maple probe length exceeded the depth of

sapwood.

We also expressed tree water use per canopy leaf area

(QL). Canopy leaf area was approximated from the

average leaf area per basal area (AL/AB) for each species.

The AL/AB was measured on current year leaf-bearing

twigs (n = 22 maple, n = 64 oak; collected from mul-

tiple trees). The ratio did not vary significantly with twig

basal area, and it was assumed not to vary with trunk

basal area. Previous work indicated that the study trees

exhibited approximate area-preserving branching (Da-

Vinci’s rule; von Allmen et al. 2012), so the trunk basal

area is approximated by the collective cross-sectional

area of all twigs. Under these conditions, the average AL/

AB at the twig level provides a rough estimate of the AL/

AB of the tree. Canopy leaf area was obtained by mul-

tiplying AL/AB by the trunk basal area for each study

tree. Tree Q was divided by its total canopy leaf area to

give QL.

To estimate the effects of tree size on water use we

filtered the dataset to obtain daily maximum sapflow per

tree (Qmax) under well-watered, full sun, and high VPD

conditions. Maximum sapflow will be limited only by

stomatal regulation of canopy xylem pressure rather than

by low light, soil moisture, or VPD. Thus, to obtain Qmax

we avoided data from cloudy days or from late summer

periods for maple where its predawn xylem pressures

became more negative than -1 MPa, indicating soil

drought in the rooting zone. In addition, we selected days

whose mean VPD (daily means of 30 min means) was

within the 90th percentile for the season. The Qmax for each

tree was the average of the top five 30 min Q means for

each selected day, averaged again over all selected days

from the 100 day ‘‘peak growing season’’ from late June to

early September (Fig. 3a, vertical dotted lines). The rela-

tionship of tree Qmax and diameter (D) gave the scaling

exponent q (Qmax � Dq). The confounding effect of tree

size in subsequent comparisons was removed by dividing

sapflow by Dq (Qs = Q/Dq), where Qs refers to the size-

standardized water flow rate. As long as ‘‘q’’ is similar

between species (as proved to be the case), this removes

the size effect both within and across species.

To assess the response of water use to vapor pressure

deficit, we plotted mid-day Qs (average of top five 30 min

means) vs. mid-day VPD (average of 30 min means for

same 5 intervals) over the full VPD range during the peak

growing season. As with tree Qmax, we avoided data from

cloudy days or from periods where predawn xylem pres-

sures in maple fell below -1 MPa.

Whole-tree hydraulic conductance (K)

Xylem pressures were measured at roughly 10 day inter-

vals over the growing season on the sapflow trees. Pres-

sures were measured on excised leaves (n = 3 per tree)

with a Scholander pressure chamber (PMS Instruments

Co., Corvallis, Oregon). On a given date, up to three types

of pressure measurements were made for each tree: pre-

dawn pressures from leaves near ground level (PPD;

0400–0600 h, assumed to approximate soil water potential

in the rooting zone), mid-day canopy pressure (PMD;

1100–1400 h), and mid-day root-crown pressure (PRC;

1200–1400 h). To measure PRC, we covered all leaves on

shoots attached near the root crown with foil and allowed

xylem pressures to equilibrate with the root crown pressure

for 1 h at mid-day on full sun days. Covered leaves were

then cut and immediately measured in the pressure cham-

ber. Because of limitations on the number of shoots

available for PRC measurements, we could only measure

PRC on a subset of measurement days.

Soil to canopy pressure drop (DP) was calculated from

PPD - PMD. To account for tree height, we subtracted the

drop in pressure due to gravity (DP0; DP0 = DP – qgH,

where P is in MPa, and H is tree height in meters, and

qg = 0.009781 in MPa/m). The DP0 is the pressure drop

associated with the transpiration stream. Given the

720 Trees (2015) 29:717–728
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relatively short heights of our trees (\12 m) the gravita-

tional effect was small, and DP0 was independent of tree

size within each species (von Allmen et al. 2012). The

estimated whole-tree conductance (Ks) for each tree was

the mid-day size-standardized Qs divided by DP0 (Ks = Qs/

DP0). Thus, Ks values were also effectively corrected for

size-dependence. Standardized whole-tree conductances

were averaged over all individuals at each site at each

sampling date. For days when PPD, PRC, and PMD were

measured on the same trees, we estimated DPshoot/DP from

(PRC - PMD)/(PPD - PMD). The DPshoot/DP ratio equates

to the fraction of whole-tree hydraulic resistance in the

shoot system.

Estimating root, stem, and leaf hydraulic resistances

To partition tree hydraulic conductance into root, stem, and

leaf components we converted to resistances (R = 1/K)

which are additive in series. The DPshoot/DP ratio was size

independent (von Allmen et al. 2012), so we were able to

partition whole-tree resistance (Rtree = 1/K) into total root

system resistance (Rroot) and shoot system resistance

(Rshoot). The tree K was obtained from Ks 9 Dq, where Ks

was the species average (Ks was seasonally stable, see

‘‘Results’’). This allowed us to predict Rshoot and Rroot as a

continuous function of D.

We further partitioned the shoot hydraulic resistance

Rshoot into series components of the stem network (Rstem)

and the collective leaves (Rleaf). The leaf-area-specific leaf

resistance of individual leaves (rleaf) was measured on 12

leaves per species For purposes of comparing species and

testing effects of tree size we sampled sun leaves for

consistency. One leaf was sampled from each of 12 trees

with a range of trunk diameters (D = 4–32 cm) similar to

the sap flux individuals. Sun leaves typically have lower

rleaf than shade leaves (Sack and Tyree 2005), so our

sampling strategy yielded a deliberate low-end estimate of

Rleaf. This bias should not influence relative values between

species and tree sizes.

The rleaf was measured with the evaporative flux

method (Sack et al. 2002). A 1–2 cm twig apex bearing a

mature terminal leaf was excised underwater and imme-

diately fixed to tubing filled with 20-mM KCl in distilled

water in direct sunlight. While the leaf transpired, the rate

of solution uptake was recorded. When a stable rate had

been obtained, the leaf was covered with foil and simul-

taneously cut with a sharp razor blade and bulk leaf xylem

pressure measured in a pressure chamber. The rleaf was

calculated as the xylem pressure divided by the uptake

rate, all multiplied by the area of the measured leaf

(determined later with an area meter; LI-COR 3100, Lin-

coln, Nebraska, USA). The rleaf was standardized to 20 �C
to correct for variation in water viscosity with

measurement temperature. Although a short section of

twig xylem was included in the measurement, rleaf was

assumed to be overwhelmingly determined by the leaf.

After finding no relationship between rleaf and tree size

(D), the rleaf was averaged for each species

(n = 12 leaves). The oak mean excluded one outlier that

was 2.9 standard deviations above the mean because of an

exceptionally low transpiration rate. The average rleaf was

divided by the estimated leaf area of the tree (AL, see

above) to obtain an estimate of parallel resistance of all

leaves (Rleaf = rleaf/AL). The resistance of the stem net-

work (Rstem) was estimated by subtraction:

Rstem¼Rshoot�Rleaf :

Stem biomass growth estimates

Biomass growth of the above-ground branching network

was estimated previously for the same study trees (von

Allmen et al. 2012 for details). Here we report these data

with the addition of the leaf biomass. Briefly, we estimated

how the volume of the stem network scaled with D from

height by diameter allometry relationships for both species

at the study site. Volume scaling was converted to mass

scaling from wood density measurements. The annual

growth in D was reconstructed for each study tree from

growth ring and bark thickness data taken from cores of

each sap flux tree. Annual biomass growth (kg dry mass per

year) of stems was estimated from the increase in mass

associated with each annual increment in D. The leaf mass

per D was estimated from the specific leaf area (leaf area

per dry mass, cm2 g-1) and the leaf area per basal area

(already described). In this way, the annual stem ? leaf

biomass growth was estimated over the life of each

experimental tree, as well as for just the 2009 growing

season for which we measured water consumption (von

Allmen et al. 2012).

Statistics

Power functions were often used to describe relationships

between variables. These were obtained by linear regres-

sion through log-transformed data. Following the advice of

Warton et al. (2006), we used ordinary least squares (OLS)

regression when the purpose was to predict a specific ‘‘y’’

value from a given ‘‘x’’ value. We used reduced major axis

(RMA) regression when the purpose was to estimate the

slope of the relationship (the scaling exponent). To analyze

intra-specific differences in maple and oak regressions,

homogeneity of regression slopes was performed in SPSS

(SPSS, Inc. 1986, version 10). A standard t test was used to

test slopes and compare means between species (p = 0.05

significance threshold).
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Results

Effects of tree size, leaf area, and vapor pressure deficit

on water use

During mid-summer periods that maximized transpiration,

maple transported 1.7–2.6 times more water than oak

across all tree diameters (Fig. 1, circles). The maximum

tree sapflow (Qmax) scaled with tree diameter (Dq) to an

RMA regression exponent q = 1.56 in maple (95 % con-

fidence limit 1.24–1.88) and q = 1.58 in oak (1.05–2.12).

This size-function relationship with a scaling exponent of

less than q = 2 means that larger trees used less water per

basal area than smaller ones. The similarity between oak

and maple scaling exponents allowed us to remove the

confounding effect of tree size in cross species comparison

by dividing Q by Dq (Qs = Q/Dq).

When Qmax was expressed per estimated canopy leaf area

(QL = Qmax/AL), there was no difference between species

(Fig. 1 squares). This was because the estimated leaf area per

basal area (AL/AB) was greater in maple (2,160 ± 199 cm2 -

cm-2, mean ± SE) than oak (1,160 ± 66 cm2 cm-2). TheQL

declined with tree size because AL was assumed to increase in

proportion with AB whereas Q was found to increase more

slowly with AB (i.e., q\2).

Maple mid-day mean sapflow (Qs, standardized for tree

size) increased with VPD (linear regression: P\ 0.01, r2

0.26; Fig. 2 shows the slightly better fit of a saturation to

maximum curve, r2 0.27), whereas oak sapflow actually

declined slightly (linear regression: P\ 0.05, r2 0.09). The

two species have similar leaf widths, and were growing

together in the same stands, thus likely experiencing sim-

ilar coupling to atmospheric VPD. For this reason, their

significantly divergent VPD behavior likely resulted from

divergent stomatal sensitivity to VPD, with oak having the

more sensitive response. The constancy of Qs in oak would

minimize any VPD-associated drop in xylem pressure.

Seasonal tree water use and hydraulic conductance

The average mid-day Qs across all individuals per species

showed that maple transported more water than oak

through most of the season (Fig. 3a). Water transport in

both species was initially low in the early summer due to a

cool rainy period, but increased during typical hot and dry

conditions of mid-July. During this period of maximum

water use, maple moved approximately 2.5 times the water

as oak. As is common in the region, there were few pre-

cipitation events during mid-summer (Fig. 3a, bars). Cor-

responding to this dry period, maple water use showed a

gradual decline from its July maximum to values close to

oak by summer’s end. The decline in maple water use was

associated with a decline in predawn xylem pressure

(Fig. 3b, regression line; mid-day pressures were season-

ably stable). Though generally lower than maple, oak water

use was remarkably stable throughout the summer, as were

predawn and mid-day xylem pressures (Fig. 3a, b). Late in

the season, after the first frost (maximum and minimum

temperatures shown in bold and gray, respectively, in

Fig. 3a) sapflow in both species dropped sharply with little

sapflow thereafter.

Maple whole-tree hydraulic conductance (Ks, standard-

ized for tree size) averaged 1.7 times greater than oak with

no seasonal trend (Fig. 3c). An outlier in maple (day 184;

Ks of 3.6 standard deviations above the mean, datum not
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0 1 2 3 4 5

m
id

-d
ay

 s
ap

flo
w

, Q
s (

kg
 h

-1
cm

-q
)

0.00

0.01

0.02

0.03

0.04

0.05
maple
oak

Fig. 2 Mid-day sapflow (Qs, standardized for tree size) versus mid-

day atmospheric vapor pressure deficit (VPD) for Acer grandident-

atum (maple) and Quercus gambelii (oak). Maple data were fit with

exponential saturation curve (Qs = a (1 - eb x VPD); r2 = 0.27),

though a linear regression gave nearly as good a fit (r2 = 0.26); oak

data were fit with a (statistically significant) linear regression

(r2 = 0.09)

Qmax QL

trunk diameter, D (cm)
10

   
 m

ax
im

um
 s

ap
flo

w
 p

er
 tr

ee
, 

Q
m

ax
 (k

g 
hr

-1
) a

nd
 Q

L (
kg

 h
r-1

m
-2

)

0.1

1

10

maple
oak Qmax

QL

Fig. 1 Maximum sapflow per tree (Qmax, circles) and per tree leaf

area (QL, squares) for Acer grandidentatum (maple, solid symbols)

and Quercus gambelii (oak, open square symbols) shown as a

function of tree diameter (D). Linear RMA regressions (maple solid,

oak dashed) shown. The Qmax by Dq scaling exponent was q = 1.56

(r2 = 0.85) for maple and q = 1.58 (r2 = 0.59) for oak
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shown in Fig. 3c) was excluded. It was associated with a

10-mm rain event the day before and low VPD values

during the middle of the measurement day which may have

prevented near-steady state conditions required for accu-

rate hydraulic conductance estimation. The generally

greater rate of water use in maple was a result of its greater

Ks rather than greater DP because the mid-day DP at

maximized transpiration did not statistically differ with tree

size or between species (DP = 1.29 ± 0.03 MPa in maple,

1.32 ± 0.04 MPa in oak; von Allmen et al. 2012). The lack

of a significant decrease in whole-tree conductance through

the season suggests that the late-season decline in maple

Fig. 3 a Daily sapflow (Qs,

standardized for tree size)

averaged across all trees per

species versus day of year for

Acer grandidentatum (maple,

solid circles) and Quercus

gambelii (oak, open circles).

Maximum (black line) and

minimum (gray line) daily

temperatures and total daily

precipitation (gray bars). Peak

growing season delimited by

vertical dotted lines (day

172–272). b Mean daily

predawn (squares) and mid-day

(triangles) xylem pressure for

maple (solid symbols) and oak

(open symbols). The only

significant seasonal trend was a

decrease in Maple predawn

pressure (regression line).

c Standardized whole-tree

conductance (Ks) versus day of

the year for maple (solid circles)

and oak (open circles)
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sapflow (Fig. 3a) was due to dropping soil-to-leaf pressures

(DP’) rather than a decrease in hydraulic conductance from

xylem cavitation (Qs = Ks 9 DP’).

Partitioning tree hydraulic resistance into root–stem–

leaf components

Tree hydraulic resistance in maple was fairly evenly dis-

tributed above and below ground with 57 ± 7 % of tree

hydraulic resistance (Rtree) residing in the shoot. Oak, in

contrast, had a much greater portion of above-ground

resistance, with 84 ± 3 % of Rtree estimated in shoots

(Fig. 4, pie charts). Thus, even though Rtree was less in

maple than in oak, maple root resistance (Rroot) was esti-

mated to be greater than oak by a factor of 1.6–1.67 across

the trunk diameter range studied (Fig. 4, Rroot shown as

‘‘R’’ shaded portion in graphs).

The shoot resistances were partitioned into leaf (Rleaf) and

stem (Rstem) components based on area-specific resistance of

leaves (rleaf) and leaf area per basal area (AL/AB). Maple rleaf

averaged 21.3 ± 0.11 kPa s m2 mg-1 (mean ± SE,

n = 12), and oak rleaf averaged 16.5 ± 3.53 kPa s m2 mg-1

(n = 11). Neither species showed any relation between rleaf

and tree trunk diameter (D). When the area-specific rleaf was

scaled to total tree leaf resistance in parallel, Rleaf (using AL/

AB estimates cited above), leaves exhibited similar collective

resistances between species, with maple Rleaf being about

1.4 times less than oak (Fig. 4, Rleaf shown as ‘‘L’’ shaded

portion in graphs).

The Rleaf as a percentage of Rtree was similar between

species and ranged from an estimated 42–36 % (maple-

oak) in small trees (trunk D = 5 cm) to 19–17 %

(maple-oak) in large trees (D = 30 cm; Fig. 4 pie

charts). The decline resulted from the assumption that

leaf area increases with D2, and the observation that tree

hydraulic conductance increased more slowly with Dq\2

(Fig. 1). Hence, Rleaf decreased faster with trunk diame-

ter than did Rtree. The decline in %Rleaf with tree size

was necessarily mirrored by an increase in %Rstem

(Fig. 4, pie charts) because the root resistance fraction

was size invariant.

The main difference between the two species was the

estimated stem resistance. The Rstem in maple was 5.4

(D = 5 cm) to 2.8 (D = 30 cm) times less than oak

(Fig. 4, Rstem shown as shaded ‘‘S’’ portion of graphs). The

Rstem as a percentage of Rtree rose from 15 to 38 % (maple-

oak) in small trees (D = 5 cm) to 48–67 % (maple-oak) in

large ones (D = 30 cm, Fig. 4, pie charts).

Biomass growth and cumulative water use

From previously reported tree height by trunk diameter

scaling and wood densities for the study trees (von All-

men et al. 2012), we estimated that both species had

similar shoot biomass growth rates (B) across all their

years of growth (Fig. 5). Although maples were estimated

to produce more leaf area per basal area, this was offset

somewhat by their higher specific leaf area

(127 ± 8 cm2 g-1) vs. oak leaves (100 ± 8 cm2 g-1).

Focusing on the data for the 2009 year of our sap flux

study, there were no significant differences in annual B by

D scaling exponents and intercepts (Fig. 5, insert). Maple,

however, showed more inter-annual variation in growth

(Fig. 5, r2 = 0.73) than oak (r2 = 0.89). During 2009,

maple growth rate scaled with trunk diameter to the 1.74

(1.49–1.99; RMA) power and the oak B by D exponent

was 1.82 (1.52–2.11). The similarity between B by

D scaling in Fig. 5 and Qmax by D scaling in Fig. 1

suggests a near-isometric relationship between water use

and shoot biomass growth.

Fig. 4 Partitioning of tree

hydraulic resistance into root

(R), stem (S), and leaf

(L) components. Resistances

were calculated as continuous

functions of trunk diameter (D),

with the contributions of the

three differently shaded

components shown (component

resistances sum to total tree

value). Pie charts show

percentages of whole-tree

resistance in the three

components for D = 5 cm and

D = 30 cm trees
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To directly compare water use and growth during 2009,

we added up the cumulative water used by each study tree

over the 100 day peak growing season from late June

through September (dotted vertical lines on Fig. 3a). For

example, the largest maple (D = 31 cm) moved 5,690 kg

of water and the largest oak (D = 26 cm) moved 2,307 kg.

Maple biomass growth in 2009 scaled with its cumulative

water use to the 0.95 (0.76–1.15; RMA) power compared

to 1.08 (0.67–1.49) in oak (Fig. 6). Neither 95 % confi-

dence limit excluded isometry, further supporting that

growth was proportional to water use in each species. The

exclusion of the low sap flow datum in oak did not alter this

conclusion.

Although water consumption in both species was

approximately proportional to shoot growth, the ratio of

water use per growth was significantly different, implying a

different coefficient of proportionality. Maple exhibited the

greater growing season water consumption per annual

shoot biomass growth. The mean ratio of cumulative water

use over the 100 day peak growing season per annual 2009

biomass growth was 410 ± 30 kg water/kg shoot dry mass

(mean ± SE) in maple versus 250 ± 44 kg water/kg stem

biomass in oak (means different at p = 0.004; independent

samples t test). Thus, oak was an estimated 1.6 times more

efficient at converting water use over the measurement

period into annual shoot biomass than maple.

Discussion

The co-dominance of Acer grandidentatum (‘‘maple’’) and

Q. gambelii (‘‘oak’’) was associated with similar shoot

growth rates, but clear differences in water use strategy.

For a given tree size, maple consumed more water by

having greater tree hydraulic conductance and rising tran-

spiration with VPD. However, maple uptake declined

during the summer drought suggesting greater reliance on

shallow soil water. Although study trees were within a

riparian corridor, they were rooted far enough above the

stream surface that shallow roots could experience soil

water stress. Oak consumed less water due to lower tree

hydraulic conductance and flat transpiration with VPD. But

oak’s uptake was seasonably stable, suggesting a deeper

water source. Despite using less water (roughly 40 % less

than maple over the 100-day time frame in Fig. 3a), oak

was able to approximate the shoot growth rate of maple

(possibly an important factor for coexistence) by being

much more efficient at exchanging water for shoot growth.

The contrasting water use was associated with the dif-

ference in stem anatomies between the two species. The

difference in tree hydraulic conductance between the spe-

cies was estimated to be largely localized to the stem (as

opposed to leaves or roots), which is where the diffuse- vs.

ring-porous anatomies are manifested (Gasson 1985; Ja-

quish and Ewers 2001). The maple stem network was

estimated to have 2.8–5.4 times the hydraulic conductance

of the oak stem system at mid-day (Fig. 4, shown as

resistances). Previous measurements of native conductivity

of excised stem segments from the same study site are in

accord, with maple conductivity per stem area averaging

approximately 2.5 times that of oak (Taneda and Sperry

2008).

The large diameter of the early wood vessels in ring-

porous oak stems apparently failed to compensate for the

greatly reduced number of vessels in the single functioning

growth ring. The number of conducting vessels would be
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reduced even further by cavitation and high native embo-

lism as measured previously in the same watershed (Tan-

eda and Sperry 2008; Christman et al. 2012). Although

maple has narrower vessel diameters, there are many more

vessels per wood area, and the total area of sapwood is

much greater owing to multi-year functional life span (von

Allmen et al. 2012). Furthermore, A. grandidentatum suf-

fers little embolism at the study site owing to its high

resistance to cavitation (Taneda and Sperry 2008). Neither

species showed any decline in whole-tree hydraulic con-

ductance (size normalized) over the growing season, sug-

gesting that there was no significant accumulation of

drought-induced cavitation. In maple, this is consistent

with its cavitation resistance; in oak it is consistent with the

lack of any seasonal drop in mid-day xylem pressure

(Fig. 3b).

Perhaps because of maple’s higher tree hydraulic con-

ductance, maple trees supported more estimated leaf area

than oak for the same trunk diameter (see also Taneda and

Sperry 2008). Consequently, the two species exhibited

similar rates of water use and hydraulic conductance per

leaf area. Convergence of leaf area water use rates has been

observed among other species (Mencuccini 2003; Zeppel

2013), and may result from the combination of a narrow

range of optimal stomatal conductances and canopy xylem

pressures (Mencuccini 2002; Holtta et al. 2011). For

example, if oak increased its leaf area to match maple, oak

would have to reduce significantly either its canopy xylem

pressure, or its stomatal conductance. Although conver-

gence in conductances and water use per leaf area may be

important for the regulation of optimal gas exchange and

pressure drop, divergence in water use at the whole-tree

(size-standardized) level is relevant for understanding

drivers of plant productivity, water use efficiency, and

ecohydrology.

The comparison of whole-tree water use requires stan-

dardization for the typically large effect of tree size

(Meinzer et al. 2001). Standardizing by sapwood area fails

to standardize for tree size because trees of the same basal

diameter and height, and hence ‘‘footprint’’ of occupied

forest, can have vastly different sapwood areas (Zeppel

2013). For example, our Q. gambelii trees had many times

greater water transport per sapwood area than A. grand-

identata (data not shown), yet the oak trees consumed

significantly less water for their basal diameter and overall

size. However, even standardizing by total basal area only

eliminates the size effect if the rate of water use scales 1:1

with basal area (Q � Dq = 2). Such was not the case in A.

grandidentatum and Q. gambelii, where water use failed to

keep pace with basal area, and Q � Dq \ 2. Estimates from

the literature suggest 1.5\ q\ 2 (Enquist et al. 2000;

Meinzer et al. 2001, 2005; Mencuccini 2003; Sperry et al.

2012b; von Allmen et al. 2012), so this is apparently a

general conclusion. Water use expressed per basal area

will, therefore, tend to decline with tree size, and fail as a

standardization method across broad size ranges. Our

expression of Q per Dq ensured a size-independent basis for

whole-tree comparisons of water use and hydraulic con-

ductance, as long as q was similar between species (as in

our study). Conceptually, it is similar to comparing of Q by

D scaling intercepts (log–log regression intercept = pre-

dicted Q/Dq). The approach may be generally useful if the

empirical q range proves to be more limited than the the-

oretically possible range (Sperry et al. 2012b).

Our estimate for the partitioning flow resistances

between stem and leaves assumed that unlike Q and K, the

canopy leaf area does scale 1:1 with basal area within a

species. This is a common assumption (Enquist and Niklas

2001; Niklas and Spatz 2004), but the data indicate con-

siderable variation (Fownes and Harrington 1992; Barte-

link 1997, Bond-Lamberty et al. 2002; Calvo-Alvarado

et al. 2008). Nevertheless, it seems likely that leaf area

increases faster with tree basal diameter than does Q and K,

because Q and K expressed per leaf area tends to decline

with tree size (Mencuccini and Grace 1996; Mencuccini

2003). A corollary is that the fraction of whole-tree flow

resistance that resides in the leaves will also decrease with

size (as long as the leaf-area-specific resistance is invariant

with tree size) as estimated in Fig. 4. Our estimate that

maple and oak leaves contribute at least 20–50 % to the

total plant resistance is consistent with direct measure-

ments in a variety of other species (Sack and Tyree 2005).

Notably, our results indicate that roots, stems or leaves can

be the pre-eminent source of whole-tree flow resistance

depending on species and size (Fig. 4).

Shoot biomass growth showed a roughly proportional

correspondence with growing season water use in both

species. Oak, however, appeared to compensate for its

lower water use with a 1.6-fold greater efficiency in con-

verting water use to shoot biomass growth (Fig. 6). This

efficiency is probably even greater given that Q. gambelii

breaks bud almost a month later than maple at the study

site (J.S. Sperry, pers obs) and has a consequently shorter

total growing season. Other comparisons have noted more

stable and ultimately greater allocation of carbon to growth

with lifespan in ring- vs. diffuse-porous species, a trait that

could enhance ring-porous water use efficiency (Genet

et al. 2009). Other contributing factors could be lower

long-term allocation to reproduction and greater fractional

allocation to stems vs. roots in Q. gambelii vs. A. grandi-

dentatum. Q. gambelii is a highly clonal species via root

sprouts from lignotubers (Tiedemann et al. 1987), and most

oaks at the study site, even the smaller trees, are likely

connected to large clonal root systems (reproduction by

seed is rare in the study region; Neilson and Wullstein

1983). Access to a large root system is consistent with
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oak’s lower root system resistance (Fig. 4) compared to

maple. The extensive clonal root system may require less

annual growth and maintenance once it is established.

Our inference of deeper roots in Q. gambelii vs. A.

grandidentatum is consistent with other studies from the

region (Tiedemann et al. 1987; Philips and Ehleringer

1995; Taneda and Sperry 2008). Deeper roots coupled with

a strong VPD response was consistent with seasonally very

stable rates of water use in oak vs. the more environmen-

tally responsive variation in maple. The projection of

consistent inter-annual rates of water use by oak is mir-

rored by its relatively invariant annual growth rates (Fig. 5,

r2 = 0.89). In contrast, maple showed more variation in

growth rate between years (Fig. 5, r2 = 0.73), consistent

with what we suspect would be greater inter-annual vari-

ation in water use. The contrast of long-term stability of

growth in Quercus vs. variable growth in diffuse-porous

co-dominants has also been observed in other comparative

studies (Genet et al. 2009).

This comparative study of two co-dominant species

exposes both generalities and particularities in their

hydraulics and growth. Both species converge on similar

size-scaling of water use, leaf-area-based hydraulic con-

ductance, xylem pressure drop, shoot growth rates, and

proportional exchange of water for shoot biomass. The

species diverge by being good at different things. Maple is

better at moving water when it is available, and oak is more

efficient at converting a unit of water into shoot growth.

It is possible that these contrasting traits may apply to

ring- and diffuse-porous species generally. Water use per

basal area has been observed to be substantially less in

ring-porous vs. co-occurring diffuse-porous trees in the

eastern deciduous forest of the USA (Pataki and Oren

2003; Bovard et al. 2004). Ring-porous Quercus species of

that region were also less responsive to soil moisture in the

top 50 cm, suggesting deeper root systems vs. diffuse-

porous trees (Meinzer et al. 2013) as inferred in from our

comparison. There is also evidence for greater and more

stable lifetime allocation to shoot growth in ring-porous

species, suggesting higher water use efficiency and less

response to environmental variation than in diffuse-porous

species (Genet et al. 2009). Caveats complicate the com-

parison, however, because whole-tree water use is often not

appropriately size-standardized, and standard Granier

coefficients are not necessarily applicable in ring-porous

species (Bush et al. 2008; Taneda and Sperry 2008; Bush

et al. 2010; von Allmen et al. 2012). Some studies support

the coordination of vulnerability to cavitation and a flat

transpiration vs. VPD pattern in ring-porous trees, sug-

gestive of a maximally sensitive stomatal response to VPD

(Bush et al. 2008; Litvak et al. 2012). However, ring-por-

ous Quercus of the eastern deciduous forest were found to

increase transpiration with VPD to a greater extent than co-

occurring diffuse-porous species (Meinzer et al. 2013).

Furthermore, there is some controversy about how accu-

rately cavitation vulnerability can be measured in large-

vesseled species (Cochard et al. 2010; Sperry et al. 2012a).

It is not clear by what mechanism(s) vessel size is linked to

water stress-induced cavitation (Lens et al. 2010), and

some ring-porous trees may have evolved ways of

achieving large and long vessels without increasing vul-

nerability. While the coexistence of ring- and diffuse-por-

ous trees in many temperate forests demonstrates

compatibility, whether their functional differences are

consistent in every case awaits further study.
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