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ABSTRACT

The significance of xylem function and metabolic scaling
theory begins from the idea that water transport is strongly
coupled to growth rate. At the same time, coordination of
water transport and growth seemingly should differ between
plant functional types. We evaluated the relationships
between water transport, growth and species stature in six
species of co-occurring trees and shrubs. Within species, a
strong proportionality between plant hydraulic conductance
(K), sap flow (Q) and shoot biomass growth (G) was gener-
ally supported. Across species, however, trees grew more for
a given K or Q than shrubs, indicating greater growth-based
water-use efficiency (WUE) in trees. Trees also showed
slower decline in relative growth rate (RGR) than shrubs,
equivalent to a steeper G by mass (M) scaling exponent in
trees (0.77–0.98). The K and Q by M scaling exponents were
common across all species (0.80, 0.82), suggesting that the
steeper G scaling in trees reflects a size-dependent increase
in their growth-based WUE. The common K and Q by M
exponents were statistically consistent with the 0.75 of ideal
scaling theory. A model based upon xylem anatomy and
branching architecture consistently predicted the observed K
by M scaling exponents but only when deviations from ideal
symmetric branching were incorporated.

Key-words: growth; heat balance method; humidity; meta-
bolic scaling theory; riparian; woody plants; xylem transport.

INTRODUCTION

Studies of plant water transport often assume that greater
transport or efficiency of transport leads to greater carbon
gain and growth. How valid is this assumption? Theoretically,
this idea is based upon the shared stomatal pathway for water
loss and carbon gain. Water vapour lost by evaporation
induces sap flow, Q, to replace this loss and keep cells
hydrated. By Darcy’s law, Q is the product of hydraulic con-
ductance, K, and the transport driving force, ΔP : Q = K ΔP.
For a given ΔP, increasing K by making the xylem network
more efficient will support more leaves and/or allow the
stomata to open wider, which will increase Q and the poten-

tial for CO2 assimilation. This theory is generally consistent
with the observed rates of assimilation and growth. Assimi-
lation decreases when hydraulic conductance is reduced by
cutting roots or embolizing the xylem (Wan et al. 1993;
Hubbard et al. 2001). Growth, measured as basal area incre-
ment, increases with K and Q (Pataki et al. 1998; von Allmen
et al. 2012). Rootstocks that produce larger fruit trees also
have higher K and wider xylem vessels (Solari et al. 2006;
Tombesi et al. 2010). Less direct evidence is shown by expo-
nential increases in K and mass over time (Tyree et al. 1998)
and studies in which growth and water use generally respond
in the same direction to experimental treatments (Grewal
2010; Wolken et al. 2011). In this paper, our basic goal is to
evaluate the relationship between biomass growth rate, G,
and both K and Q. The K represents a plant’s structural
investment in water transport, whereas Q can be more mean-
ingful for explaining growth when ΔP changes within or
across species.

The coordination between growth and hydraulic conduct-
ance is a key component of metabolic scaling theory (MST;
West et al. 1999), wherein the nature of this relationship
affects numerous downstream predictions about plant and
community scaling. G versus K may be described by the
power function,

G a Kb= 1
1, (1)

with scaling multiplier a1 and exponent b1. MST predicts
isometry (i.e. b1 = 1) across species. The link from K to G and
the prediction of isometry involves assumptions about how K
and G scale with Q. Specifically, isometry is required in

Q a Kb= 2
2 (2)

and

G a Qb= 3
3. (3)

As per Darcy’s law, a2 and b2 in Eqn 2 describe how ΔP varies
with K. A constant ΔP makes b2 = 1 and a2 = ΔP, which
requires that as plants grow in height, they compensate for
the increasing effects of gravity. In Eqn 3, coefficients a3 and
b3 integrate instantaneous water-use efficiency (WUE) and
carbon allocation and how they vary with Q. If instantaneous
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WUE is constant and a constant portion of fixed carbon is
allocated to growth, then b3 = 1 and a3 will equal G/Q: a proxy
for growth-based WUE.

Assuming, as a null hypothesis, that b1 = b2 = b3 = 1 across
species, how G, Q and K scale individually with mass, M, may
differ interspecifically. These relationships can be written as

K a Mb= 4
4, (4)

Q a Mb= 5
5 (5)

and

G a Mb= 6
6. (6)

If isometry exists in Eqns 1–3, then b4 = b5 = b6 within species.
In MST, the classic prediction is that these ‘metabolic’ expo-
nents equal 0.75 (West et al. 1999). Three-quarter power
scaling has since been revised as an upper limit for symmetri-
cally branching trees, based upon the effects of finite size and
the observed taper and packing of xylem conduits (Savage
et al. 2010; Sperry et al. 2012). Recently, however, it has been
demonstrated that ontogenetic deviation from symmetric to
asymmetric branching and the corresponding elongation of
crown shape – as observed in young trees – can drive the
exponent back up to 0.75 and beyond; this trend is reversed
as trees mature and crowns become more spherical (Smith
et al. 2014).

Metabolic scaling may also be coordinated with species
stature (Sperry et al. 2012). The role of water transport in
limiting the maximum size of trees has received much atten-
tion (Ryan et al. 2006), but coordination of hydraulic scaling
and species-specific stature and growth has not been
explored in depth. Taller species may put more of a premium
on maximizing the increase in water transport with size and
in converting carbon into height growth than smaller
statured species. Hence, it has been speculated that taller
statured species may have steeper metabolic and hydraulic
scaling than shorter statured species (Sperry et al. 2012).

In this paper, we determine the empirical scaling relation-
ships in Eqns 1–6 for six co-occurring woody species ranging
in stature from shrubs to trees. We chose a riparian commu-
nity to minimize effects of soil moisture and focused on
deciduous diffuse-porous angiosperms to minimize differ-
ences in growing season length and xylem anatomy. We
evaluate the null hypothesis of isometric scaling between
plant hydraulic conductance (K), midday sap flow (Q) and
annual shoot biomass growth rate (G).These data allow us to
estimate the ranking of growth-based WUE among the
species. We test the null hypothesis that hydraulic (K and Q)
and metabolic (G) scaling with mass is common across
species and is not different from 0.75 as proposed by classic
metabolic scaling theory. We compare our empirical K by M
exponent (b4) with model predictions based upon the xylem
anatomy of each species and estimate the importance of
deviation from symmetric branching (Smith et al. 2014).
Finally, we investigate the coordination between scaling rela-
tionships, WUE ranking and species stature.

MATERIALS AND METHODS

Location and species

The study took place in Red Butte Canyon Research Natural
Area (40.8°N, 111.8°W), located adjacent to the University of
Utah in Salt Lake City, UT, USA. Measurements were made
at elevations between 1642 and 1913 m a.s.l. We chose six
species from those in and near the riparian zone, including
three shrubs (Amelanchier alnifolia Nutt., Cornus sericea L.
and Symphoricarpos oreophilus A. Gray) and three trees
(Acer grandidentatum Nutt., Betula occidentalis Hook. and
Populus fremontii S. Watson). The shrub versus tree distinc-
tion is somewhat subjective so we generally compare species
in order of increasing maximum size observed in the study
area. All species are angiosperms with simple, deciduous
leaves. Their xylem is diffuse-porous, with the exception of
Symphoricarpos, which we found in the course of the study to
be functionally ring-porous (i.e. only the current year’s
growth ring was conductive.

Whole-plant hydraulic conductance

We measured whole-plant hydraulic conductance, K, in 13–22
plants per species (n = 98 in total). K was obtained from sap
flow, Q, and xylem pressure, P, measurements made between
11 July and 3 September 2011. Q was measured using the heat
balance method (Baker & Van Bavel 1987), in which a sensor
containing a heater and various thermocouples is wrapped
around each plant trunk. Power from the heater, WH, may be
dissipated radially through the sensor, Wrad, or axially by
either thermal conductance of the stem, Wax, or convection by
sap flow, WQ. Power may also be stored by the stem, Ws, which
is measured by adding another thermocouple to the sensor
(Grime et al. 1995). WQ and, hence, Q may be calculated from
the power balance:

W W W W WQ H rad ax s= − − − . (7)

We calculated each component of the power balance using
standard procedures. Of note, however, Wrad requires the
thermal conductance of the sensor sheath, ksh, which varies
between installations so it is calculated using Eqn 7 when WQ

is zero. We assumed that WQ was zero between midnight and
0600 h and calculated ksh when the radial temperature differ-
ence was greatest, after removing spurious peaks.

We used seven different Dynagage sap flow sensors
(Dynamax, Houston, TX, USA), which accommodated trunk
diameters between 8 and 203 mm. Sensors were read every
10 s and averages stored every 10 min using a CR7
datalogger (Campbell Scientific, Logan, UT, USA). Heater
voltages were maintained at the manufacturer’s recommen-
dation with adjustable regulators (Dimension Engineering,
Akron, OH, USA). Concurrent with sap flow measurements,
we recorded air temperature and vapour pressure deficit
(VPD).

Sap flow sensors were generally installed over a 3 d period,
giving one full day and two partial days of measurement.
Installations were timed such that the full day occurred when
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the weather was warm and sunny, so as to maximize Q.These
short installation times allowed for many measurements from
several sites during one summer. On ‘full’ days, the xylem
pressure, P, of each individual was measured at pre-dawn
(PD) and midday (MD) using a Scholander-type pressure
bomb (PMS Instrument Co., Albany, OR, USA). The
PPD − PMD is the pressure difference required to induce flow
and resist gravity.The gravity component,ρgH,was calculated
using the density of water, gravity and plant height, respec-
tively. We recorded the times at which P was measured and
calculated mean Q over these times ± 1 h to get QPD and QMD.
On one occasion, the sensor readings at PD and MD were lost.
Because this occurred over a 4 d installation, we assumed P
measurements from one day were similar to the following day,
which had similar weather. On another occasion, two trunk
thermocouples were not working during PD, which prevented
us from calculating Q during this time.Therefore,we used QPD

from the following day and assumed PPD had not changed.The
ratio of sap flow and xylem pressure differences yields K:

K
Q Q

P P gH
= −

− −
MD PD

PD MD ρ
. (8)

The numerator shall henceforth be referred to as Q. The
denominator is the driving force for sap flow, ΔP.We assessed
whether ΔP varies within each species, which is relevant for
determining if K scaling is representative of Q scaling.

After measuring K, we used a potometer to test the accu-
racy of our sap flow sensors on a subset of plants. In total, 23
plants with basal diameters ca. <4 cm were cut underwater
using a split funnel and immediately placed in a container
with a pre-measured volume of 20 mm KCl solution filtered
to 0.2 μm. Plastic wrap was placed across the container
opening to reduce evaporation. After transpiring for at least
2 h, the shoot was removed and the remaining solution
volume was measured. The average flow rates measured by
the sensor and the potometer were compared.

Estimating aboveground growth

We estimated G in nearly all plants used to measure K
(n = 87:13–17 per species). We estimated aboveground veg-
etative growth only. Because our species were deciduous, we
defined G (g year−1) as the annual stem mass increment plus
the standing leaf mass. Using trunk diameter (DT), growth
ring thicknesses and species-specific allometric relationships,
we estimated G as follows.

1 From each measured DT, we predicted the cambium diam-
eter, Dc, using regressions on Dc versus DT data.These data
came from trunks for which we measured sapwood area
(see the section Modelling hydraulic scaling from struc-
ture).We subtracted growth ring thickness from each Dc to
get the cambium diameter in the previous year. Ring thick-
nesses were measured from dissecting scope and micro-
scope photos of trunk cross sections and cores. Cross
sections were obtained immediately after K measurements,
whereas cores were taken later in the season. In both cases,
we assumed that most radial growth was already complete

for the season. We then predicted DT in the previous year
from its Dc and the Dc versus DT regressions. This method
accounts for changes in DT due to both xylem and bark.

2 Plant heights, H, in the current and previous years were
predicted from H versus D allometry.We constructed H by
D curves for each species using whole plants (n = 185,
including many used for K), branches (n = 216, from
K-plants) and twigs (n = 203, from non K-plants). H meas-
urements were made directly or using trigonometry for
taller plants.This dataset was meant to include the full range
of plant sizes for each species. As such, we used the
maximum DT from this dataset to define each species
stature. The data were fitted with the equation:

H a D lb= −7
7

o. (9)

The lo term is used because H by D relationships generally
start out steep on a log scale and gradually asymptote
towards a constant, shallower slope, b7 (McMahon &
Kronauer 1976; Smith et al. 2014).

3 Next, dry stem mass, Mst, in the current and previous years
was predicted from how Mst scaled with a shoot volume
proxy, HDT

2. We obtained Mst by HDT
2 scaling from

branches (n = 209) and a few K-plants cut down (n = 5),
which were oven dried at 60 °C for at least a week.

4 Finally, we predicted total dry leaf mass, Mlv, in the current
year from Mlv versus Mst scaling relationships. These rela-
tionships came from the same dataset used in step 3 (n = 211
branches; n = 5 whole shoots). We calculated growth as the
annual Mst increment plus the current Mlv.

Modelling hydraulic scaling from structure

Whole-plant hydraulic conductance is largely dependent
upon xylem conduit properties and branching structure
(Sperry et al. 2012; Smith et al. 2014). To help interpret our K
data in terms of contributions from the xylem and branch
networks, we modelled aboveground xylem networks using
measured diameters and numbers of active xylem conduits in
all species. We used these data to predict aboveground K and
used a root:shoot resistance ratio to predict belowground
and whole-plant K. Xylem anatomy data were obtained
using our own measurements and published data for
A. grandidentatum collected from the same area (von
Allmen et al. 2012). We collected xylem samples from a wide
range of stem diameters, D. From these samples, thin trans-
verse sections were prepared with a sliding microtome,
stained with 1:1 phloroglucinol (1% in EtOH): HCl (12 m),
and photographed for analysis. Using at least three photos
from each stem, a section of the youngest growth ring was
isolated.The area of this xylem section (Ax) and all individual
vessel diameters, �d , were measured using STEM GUI soft-
ware (Charles A. Price, personal communication). From
these measurements, we calculated the hydraulically

weighted mean vessel diameter d
n

d= ⎡
⎣⎢

⎤
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and the

vessel frequency (n/Ax) of each stem (Savage et al. 2010).
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Combined with stem diameter measurements, these data give
vessel taper (d versus D) and packing (n/Ax versus d).
Packing data were fitted with power functions. A rise-to-max
function was more appropriate for the taper data:

d
Dd
D m

=
+

max . (10)

The dmax and m are the fitting parameters. Taper and packing
equations together can predict the diameter and number of
vessels as a function of stem diameter.

To determine which vessels are functional in water trans-
port, we introduced dye to transpiring stems.Again, we chose
a wide range of stem diameters from each species. For small
stem diameters (ca. <4 cm), stems were cut underwater using
a split funnel and the cut end immediately placed in 0.05%
safranin O solution and allowed to transpire for 2 h. Stems
were later cut and photographed ca. 10 cm from the end and
the dyed area was measured. For larger stems, a hole was
drilled at least half way into the trunk. To minimize air intro-
duction to the xylem while drilling (but see Wheeler et al.
2013), a modified PVC pipe fitting was secured against the
trunk at the drill site and filled with water. Plastic tubing was
inserted into the hole and kept filled with safranin O solution
as the plant transpired. After at least an hour, a core was
taken ca. 10 cm above the dye point using a 5 mm increment
borer. Sapwood depth was measured from the cores and
converted into sapwood area. All sapwood measurements
from small stems and many from larger stems came from
plants used for hydraulic conductance measurements.

To obtain root:shoot resistance ratios, we measured
midday root crown xylem pressures (PRC) in addition to pre-
dawn and midday leaf P. Root crown P was determined by
covering a basal shoot with aluminum foil and a plastic bag
and measuring its xylem pressure after allowing at least an
hour to equilibrate with the root crown.These measurements
were obtained from some of the plants used for K as well as
others measured in August and September 2013. The propor-
tion of total resistance due to the roots, Prroot, is

Pr
P P
P P

root
PD RC

PD MD

= −
−

. (11)

If Prroot is size-dependent, then whole-plant hydraulic scaling
can differ from aboveground scaling (Martínez-
Vilalta et al. 2007; Sperry et al. 2012). We used taper, packing,
sapwood and Prroot in a version of the West, Brown & Enquist
(WBE) (West et al. 1999) model modified by Smith et al.
(2014). Briefly, this model follows biomechanical rules to
create trees that are ‘plumbed’ with xylem conduits to calcu-
late hydraulic conductance of the stem network. Conduits in
leaves and roots are not explicitly modelled. Rather, propor-
tionality constants link their hydraulic conductances to those
of the twigs and shoot, respectively. The hydraulic conduct-
ances of leaves, stems and roots are added serially to predict
K. Aside from adding our species-specific xylem parameters,
we only changed the model to accommodate the rise-to-max
taper function (Eqn 10).

The model creates plants with either symmetrical WBE
architecture or random branching across the spectrum of
possible architectures (see Smith et al. 2014). Architecture is
quantified using the ‘path fraction’, Pf, which is the ratio of
the mean and maximum trunk-to-twig path lengths. The
maximum Pf is 1, which corresponds to symmetrical branch-
ing and a round crown shape. Smaller Pf values are due to
asymmetric branching and result in elongated crown shapes.
We modelled hydraulic conductance under two scenarios:
constant symmetric WBE architecture (Km,WBE) and
ontogenetically changing architecture (Km,Δ). In both sce-
narios, we modelled plants across the measured DT range of
each species. The DT increments were chosen based upon the
discrete diameters possible for WBE structures. The M was
predicted from DT using species-specific allometry as men-
tioned earlier. For Km,WBE, we modelled WBE structures and
plumbed them for each species to calculate hydraulic con-
ductances. The modelled points were fitted with a spline to
predict Km,WBE at each measured DT. These predictions were
used to test for species differences due to xylem anatomy
alone. For Km,Δ, Smith et al. (2014) estimated that Pf would
start high in small plants, decline rapidly and then increase
gradually (see dashed curve in their Fig. 3). In order to model
structures that follow this Pf trajectory, we generated 5000
random branching structures at each DT using the default
branching inputs of the model. We then selected structures
that matched each target Pf ± 0.01. Five thousand was
deemed sufficient to populate the range of possible architec-
tures and resulted in 49–125 structures being chosen at each
Pf. Each branching structure was then plumbed for each
species according to its anatomy.These predictions were used
to test if size-linked variation in branching architecture could
be a component of observed K by M scaling results.

Statistics

All analyses were performed within the R modelling and
data analysis environment (R Core Team 2014). Unless
otherwise noted, all claims of significance were evaluated
using P = 0.05 as the threshold. For linear regressions, we
followed the advice of Warton et al. (2006) on when to use
OLS (ordinary least squares) or SMA (standardized major
axis). In short, when the goal was to predict y data from x
data, OLS was used. When the slope of a relationship was of
interest, SMA was used. SMA regressions were made and
compared using the SMATR package for R (Warton et al.
2012). We generally evaluated regressions by testing for
common exponents and common multipliers. In the context
of this study, the common exponent test considers whether
regression lines fit to each species are statistically parallel to
each other (on a log-log scale) regardless of their multipliers
(see Supporting Information Fig. S1). For the common mul-
tiplier test, multipliers are obtained by forcing each regres-
sion to follow the common exponent. These ‘forced
multipliers’ are then tested for significant differences.
Because comparing multipliers requires use of a common
exponent, this test is only relevant when a common exponent
is supported (Warton et al. 2006). When exponents are
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different, scaling relationships cross, and multipliers are not
indicative of the relative heights of the relationships.

Where appropriate, we compared the exponents and mul-
tipliers of individual species using post-hoc pairwise compari-
sons. When comparing means between species, we used
anova to detect differences and used Tukey’s Honest Signifi-
cant Differences for post-hoc pairwise comparisons. The
P-values from all pairwise comparisons were adjusted to
avoid type I errors.

In this study, we compared a number of plant properties
that are autocorrelated. For example, we tested Q versus K
scaling when K is calculated from Q/ΔP. However, it should
be noted that autocorrelation does not detract from the
goals of our analyses. The point of Q versus K analyses was
to show the effects of ΔP variation within and between
species. Similarly, we analyse G versus M, although M was
used as part of G estimation. The G versus M analyses were
meant to illustrate the net effect of different growth ring
thicknesses and different allometric relationships used to
predict mass.

RESULTS

Sap flow sensor accuracy

We compared average flow rates measured simultaneously
by sap flow sensors (Qsens) and a potometer (Qpot). One of the
23 measurements was removed because the potometer ran
dry. The Q measurements were well correlated (r2 = 0.93;
Supporting Information Fig. S2). A SMA regression of Qpot

versus Qsens indicated a slightly but significantly greater slope
than one (1.17; P = 0.01) but the intercept (−2.47e−3) did not
differ from zero. These results indicate that the sensors are
reasonably accurate but tend to underestimate actual Q by a
constant factor.

M, H and D allometries for predicting growth

We predicted aboveground annual growth, G, using growth
ring measurements and four allometric relationships for each
species. Cambium versus trunk diameter scaling was very
similar across species and data were well correlated within
species (r2 > 0.98; not shown). Using these relationships, bark

growth was estimated as 1–12% of DT growth. The H versus
D data were fairly convergent across species and each was
well fitted by Eqn 9 (r2 > 0.92; Table 1; Supporting Informa-
tion Fig. S3), which we used to predict H from DT in the
current and previous years.

We used HDT
2 to predict total dry stem masses, Mst, using

Mst versus HD2 data. These data were well fitted by power
functions (r2 > 0.94; Table 1; Supporting Information Fig. S4),
and as expected, Mst versus HD2 relationships were more
log-linear than Mst versus D2 or H alone (not shown). Finally,
we predicted dry leaf mass, Mlv, in the current year using
regressions from Mlv versus Mst data (r2 > 0.65; Supporting
Information Fig. S5;Table 1).The good fits observed for each
of these allometries gave us confidence in using them to
estimate M and G.

Growth by conductance scaling (Eqn 1)

Growth and hydraulic conductance were generally conver-
gent across species. Scaling exponents, b1, were significant in
all but Symphoricarpos (Fig. 1a; Table 2). Significant expo-
nents ranged from 0.84 to 1.19 and r2 from 0.56 to 0.91. Our
null hypothesis of isometry was supported by all species,
although Populus was weakly steeper (b1 = 1.19; P = 0.052).
Significant species supported a common exponent (b1 = 1.06)
that also agreed with isometry. Regressions were forced to
the common exponent to compare multipliers. These ‘forced
multipliers’ were not common across species. Additionally,
there was a tendency for forced multipliers to increase with
increasing species stature, meaning that larger species tended
to have greater growth per K than smaller species. The mul-
tiplier of the largest statured species, Populus, significantly
exceeded Betula and Cornus (see Fig. 1a). Consistent with
stature-linked increases in the multiplier, the interspecific
scaling exponent across all species (b1 = 1.18) was signifi-
cantly steeper than isometry (Table 2).

Water use by conductance scaling (Eqn 2)

The Q by K scaling exponents, b2, were significant in all
species, ranging from 0.85 to 1.12 (Fig. 1b; Table 2). None
differed from our null hypothesis of isometry, although
Populus was weakly steeper (b2 = 1.12; P = 0.051). Species

Table 1. Species properties and OLS (ordinary least squares) regressions used for mass prediction

Species Growth form

Local max H versus D Mst versus HD2 Mlv versus Mst

DT a7 b7 lo r2 Mult Exp r2 Mult Exp r2

Populus fremontii Tree 76.1 178 0.643 76.0 0.97 0.356 0.99 0.95 1.07 0.88 0.67
Acer grandidentatum Tree 21.1 191 0.597 75.1 0.98 0.358 1.02 0.99 1.47 0.67 0.79
Betula occidentalis Tree 21.0 266 0.549 99.4 0.98 0.315 1.01 0.99 0.98 0.73 0.79
Amelanchier alnifolia Shrub 5.9 160 0.795 37.2 0.96 0.411 0.97 0.98 0.81 0.67 0.75
Cornus sericea Shrub 3.1 135 0.979 13.1 0.92 0.308 1.01 0.95 1.70 0.56 0.66
Symphoricarpos oreophilus Shrub 2.5 122 0.776 18.0 0.92 0.531 0.97 0.95 0.67 0.59 0.68

Equations correspond to D and H in centimeters and M in grams. Data are shown in Supporting Information Figs. S3–S5. Species are listed in
order of decreasing stature. P < 0.001 for all relationships.
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supported a common exponent (b2 = 1.01) that also agreed
with isometry. Isometry corresponds to a constant ΔP within
species, which was confirmed by non-significant ΔP versus K
scaling exponents (not shown), although the exponent for
Symphoricarpos (−0.52) was almost significant (P = 0.06).
When forced to the common Q by K exponent, species did
not share a common multiplier. The forced multipliers of
the shrubs were all greater than those of trees (see Fig. 1b),
meaning that smaller species transported more water per K
than larger ones. Statistically, all species exceeded Populus,
whereas Amelanchier and Cornus also exceeded Betula.
Additionally, Amelanchier exceeded Cornus. The trend in
multipliers suggests that larger statured species tended to
have lower ΔP. Indeed, the ΔP of Populus (0.54 ± 0.05 MPa;
mean ± SE) was significantly less than all other species.
Amelanchier (1.46 ± 0.08 MPa) exceeded all species
but Symphoricarpos (1.20 ± 0.11 MPa). The interspecific
exponent (b2 = 0.93) was significantly shallower than isom-
etry – consistent with the decrease in multipliers with
stature.
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Environmental variation

Environmental conditions were fairly consistent across meas-
urement days and generally had a minimal influence on Q by
K scaling. Midday VPD ranged from 1.2 to 2.7 kPa with no
significant trend over time. Residuals of Q versus K increased
significantly with midday VPD for Amelanchier (r2 = 0.32).
Although, Amelanchier’s Q versus K relationship had
r2 = 0.94, suggesting the magnitude of the VPD effect was
small. Midday air temperature ranged from 21 to 29 °C. A
significant downward trend over time was observed but this
was attributed to two cooler late-season days, whose removal
nullified the significance (P = 0.96). Residuals of Q versus K
increased significantly with midday air temperature in
Amelanchier (r2 = 0.45) and Symphoricarpos (r2 = 0.53).
These species had respective Q versus K r2 values of 0.94 and
0.73, again suggesting minor influence of environmental vari-
ation on the Q by K scaling. Soil moisture, as assessed by
pre-dawn xylem pressure (PPD), ranged from −1 to
−0.05 MPa with 95% of values between −0.67 and
−0.11 MPa. Pressures measured midseason tended to be the
least negative and a quadratic polynomial fit with day of year
was significant. The Q by K residuals for Symphoricarpos
increased significantly as PPD became more negative
(r2 = 0.39), but again the Q by K r2 was high (0.73), suggesting
a primary influence of K over environmental factors.

Growth by sap flow scaling (Eqn 3) and WUE

Growth versus sap flow exponents, b3, were significant in all
species except Symphoricarpos (Fig. 2a; Table 2). Significant
exponents ranged from 0.87 to 1.12, and all agreed with the
hypothesized isometry.These species shared a common expo-
nent (b3 = 1.03), which also supported isometry. A common
multiplier was not supported. Forced multipliers tended to be
greater in trees than in shrubs, meaning that trees put on more
growth per water use than shrubs. Statistically, Populus had a
larger multiplier than all other species. Acer and Betula
exceeded Cornus as well.Isometry suggests that growth-based
WUE (as G/Q) is approximately constant within species,
whereas the trend observed among multipliers suggests that
G/Q increased with species stature.The mean G/Q was lower
in shrubs than in trees, although the only significant difference
was between Populus and all other species (Fig. 2b). In
accordance with stature-correlated multipliers, interspecific
scaling (b3 = 1.28) was steeper than any intraspecific exponent
and significantly greater than isometry.

Conductance by mass scaling (Eqn 4)

Hydraulic conductance and mass were significantly corre-
lated in all species, except Symphoricarpos (Fig. 3, black
circles). Significant exponents ranged from b4 = 0.74 to 0.90
(Table 2). These exponents, except that of Acer (0.90), sup-
ported the classic MST prediction of b4 = 0.75.The significant
species also supported a common exponent (b4 = 0.80) that
agreed with 0.75. When forced to the common exponent, a
common multiplier was not supported. Forced multipliers

showed no noticeable trend with stature or other traits.
Cornus significantly exceeded Acer, Amelanchier and Betula.
Consistent with the lack of any trend in multipliers, the
interspecific exponent (b4 = 0.79) did not differ from 0.75.

Sap flow by mass scaling (Eqn 5)

Sap flow and mass were significantly correlated in all species,
except Symphoricarpos. Significant exponents ranged from
b5 = 0.75 to 0.92 (Fig. 4a; Table 2). These exponents, except
that of Populus, supported the MST prediction of b5 = 0.75.
The significant species also supported a common exponent
(b5 = 0.82) that agreed with 0.75. A common multiplier was
not supported when forced to the common exponent. The
forced multipliers of the shrubs tended to be greater than the
trees such that shrubs had greater Q at a given mass.
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Figure 2. Relationships between aboveground growth and
midday sap flow. Species listed in order of decreasing stature. (a) G
versus Q scaling was significant in all species but Symphoricarpos.
Symbols represent each plant from shrub (circles) and tree
(triangles) species. Species shared a common SMA (standardized
major axis) exponent (0.95). When regressions were forced to the
common exponent (shown), multipliers tended to be greater in
larger species. (b) Likewise, the water-use efficiency proxy, G/Q,
was larger in larger statured species. Shown are the mean
G/Q ± SE with bar colour differentiating trees and shrubs.
Non-forced regression coefficients are shown in Table 2.
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Statistically, Cornus exceeded all other significant species,
whereas Amelanchier and Betula also exceeded Populus. The
interspecific exponent (b5 = 0.74) did not differ from 0.75.

Growth by mass scaling (Eqn 6)

Growth and mass were significantly correlated in all species
with exponents ranging from b6 = 0.70 to 0.98 (Fig. 4b;
Table 2). The MST exponent, b6 = 0.75, was supported by all
species except Betula and Populus. A common exponent was
not supported. Shrubs tended to have shallower scaling
(b6 = 0.70–0.73) than trees (b6 = 0.77–0.98) but the only sig-
nificant difference was between trees Populus and Acer.
Interspecific scaling (b6 = 0.95) was significantly steeper than
0.75.

The difference between species is especially apparent
when growth is expressed as relative growth rate, G/M
(Fig. 5; Table 2). Because b6 was consistently <1, G/M
declined in all species, although not significantly in Populus.
Among the significant species, a common exponent was not
supported. Shrubs tended to have more negative exponents
than trees, meaning relative growth rates declined more
rapidly. Statistically, Symphoricarpos was steeper than Acer
and Betula.

Modelling hydraulic conductance by
mass scaling

In each species, we measured xylem anatomy (taper, packing,
sapwood) and the proportion of hydraulic resistance in roots,
Prroot. From these data, we modelled whole-plant hydraulic
conductance using WBE architecture (Km,WBE) or changing
architecture (Km,Δ) for comparison with K measurements.
Km,WBE xylem conduit packing and sapwood measurements
were generally well fitted by power functions, whereas a
Michaelis–Menten function (Eqn 10) was more appropriate
for conduit taper (see Supporting Information Figs. S6–S8;
Table 3). Xylem properties were fairly similar between
species but with some notable differences. Taper functions
indicated that the maximum vessel diameter, dmax, ranged
from 26 μm (Symphoricarpos) to 79.1 μm (Populus; Support-
ing Information Fig. S6). Most packing functions had expo-
nents near −2, indicating a constant xylem fraction devoted
to conduits, whereas the exponent of Symphoricarpos was
much shallower (−1.02; higher vessel frequency in trunks
than twigs) and its conduits tended to occupy a larger frac-
tion of the xylem than other species (see Supporting Infor-
mation Fig. S7). Sapwood area scaling was similar between
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species, although Amelanchier and Symphoricarpos had
notably less sapwood at a given diameter (Supporting Infor-
mation Fig. S8). In Symphoricarpos, only the outermost
growth ring tended to conduct water, which was counter to
our assumption that all species were functionally
diffuse-porous.

The mean proportion of hydraulic resistance in roots,
Prroot, ranged from 0.24 (Populus) to 0.50 (Acer), but individ-
ual measurements varied substantially within each species
(overall range: 0.10–0.97; data not shown). The variation was
significantly explained by plant size (DT) in only Acer and
Betula. The Prroot of Acer tended to decrease according to a
power function (r2 = 0.36), whereas in Betula, it tended to
increase linearly (r2 = 0.29). For Acer and Betula, we used
these equations to predict Prroot in each plant. For the other
four species, we used their respective mean Prroot in deter-
mining Km.

Firstly, we predicted Km,WBE based upon symmetric WBE
architecture.The predictions tended to exceeded K measure-
ments (Fig. 3, open circles). The ratio, Km,WBE/K, ranged from
0.5 to 14.4 (mean 3.9) with better fit at higher K. The Km,WBE

versus M exponents ranged from 0.52 to 0.73 with r2 > 0.99
(Table 2). All exponents were shallower than their measured
K versus M counterparts.We treated the modelled exponents
as parametric values to test if K versus M exponents differed
significantly. Modelled exponents were significantly shal-
lower than measured ones except for Cornus (P = 0.27) and
Populus (P = 0.20). Thus, using WBE architecture, the model
poorly predicted the pattern of scaling variation observed
among species.

Next, we predicted Km,Δ based upon ontogenetically chang-
ing architecture (defined as Pf) following estimations of
Smith et al. (2014). Accordingly, small plants began with Pf

near 1 (WBE-type architecture) and dropped to ca. Pf = 0.4
before rising gradually again in larger plants. Shrubs occu-
pied the initial Pf-decreasing phase, whereas the study trees
extended beyond this phase to where Pf bottomed out and
began its gradual rise. The Km,Δ versus M exponents ranged
from 0.68 to 0.82 with r2 > 0.99 (Table 2; Fig. 3, dashed lines).
These exponents were steeper than their Km,WBE versus M
counterparts but still slightly shallower than measured K
versus M exponents. However, all K versus M exponents
agreed statistically with Km,Δ versus M exponents. Further-
more, the modelled and measured exponents were well cor-
related (P = 0.005), suggesting that the model accurately
predicted the observed pattern of scaling variation
across species when dynamic branching architecture was
incorporated.

DISCUSSION

Our main goal was to evaluate the relationship between
hydraulic conductance (K) and growth rate (G) in
co-occurring woody plants. The data mainly supported the
null hypothesis of intraspecific isometry between K and G.
Thus, there appears to be an approximately linear connection
between water conducting capacity and shoot growth within
a species. The data also supported the hypothetical mecha-
nism linking K and G. A size-invariant pressure drop, ΔP,
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in order of decreasing species stature. Lines indicate SMA
(standardized major axis) regressions. The scaling exponents
significantly increased with species stature. Moreover, at a given M,
larger species tended to have higher G/M. See Table 2 for scaling
coefficients.

Table 3. OLS (ordinary least squares)
parameters for model input equations

Species

Taper Packing Sapwood

dmax m Mult Exp Mult Exp

Populus fremontii 79.1 8.83 1.03e5 −1.66 0.21 2.15
Acer grandidentatum 28.2 2.29 5.77e4 −1.65 1.00 1.84
Betula occidentalis 55.0 4.50 3.54e5 −2.09 0.61 1.99
Amelanchier alnifolia 27.4 1.83 2.97e5 −1.98 0.41 1.89
Cornus sericea 45.5 3.34 1.38e5 −1.78 0.68 1.89
Symphoricarpos oreophilus 26.2 1.41 2.35e4 −1.02 0.38 1.50

Taper is conduit diameter (μm) versus stem diameter (mm). Packing is conduit frequency
(mm−2) versus conduit diameter (μm). Sapwood is dyed xylem area (mm2) versus stem
diameter (mm). Taper was fitted with a rise-to-max function (Eqn 10). Power functions are
used otherwise. Data are shown in Supporting Information Figs. S6–S8. Species are listed in
order of decreasing stature.
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resulted in the sap flow rate, Q, being proportional to K
within a species. Furthermore, Q was generally proportional
to G, implying an approximately size-invariant fraction of
assimilated carbon allocated to shoot growth. This propor-
tionality between Q and G, and hence a constant growth-
based water-use efficiency (WUE proportional to G/Q), is a
basic assumption of vascular-based metabolic scaling theory.
Even if G and Q did not scale proportionally with K, the
theory in its simplest form would still predict isometry
between Q and G.This was indeed the case in Populus: G and
Q scaled weakly steeper than isometrically with K, yet G and
Q remained proportional to each other (Table 2). An excep-
tional species altogether was Symphoricarpos, where many
scaling relationships were not significant. However,
Symphoricarpos was also the smallest species that inherently
limited the ability to assess size scaling.

Looking across species rather than within, our results
showed a very different trend. Trees tended to grow more for
a given K, as shown by their larger forced multipliers (a1,
Eqn 1). The greater growth in trees, however, was not asso-
ciated with greater sap flow rates. In fact, the opposite trend
was observed: trees had lower Q than shrubs at a given K
because of a trend to smaller ΔP in trees. The larger species
simply grew more for a given Q, which implies greater
growth-based WUE. We did not measure WUE because G
was measured on an annual basis, whereas Q was a midday
average representing maximum seasonal steady-state flow
rates. However, the ratio G/Q provides a reasonable WUE
proxy if it is assumed that Q is roughly proportional to cumu-
lative seasonal sap flow. This is likely the case as all plants
were co-occurring in a riparian setting and had similar leaf
phenologies and hence growing season length.

Greater growth-based WUE in trees could result from
higher instantaneous WUE (assimilation rate per transpira-
tion rate) and greater allocation of carbon to shoot growth
versus other sinks. Greater instantaneous WUE in trees could
reflect a greater average exposure of tree canopies to light
(Avola et al. 2008), although we tried to minimize differences
in the light environment of the study plants. From an alloca-
tion standpoint, it is likely that trees, particularly in their early
years (such as those we sampled), would maximize their shoot
growth to reach the canopy, whereas shrubs remain low-
growing. Due to the sap flow sensor design, our study trees
tended to be small and hence were also rarely fertile. Among
the materials used for mass allometry, only 1 of 85 tree
branches was reproductive compared to 35 of 126 among
shrubs. Reduced allocation to reproduction could favour allo-
cation to shoot growth in trees versus shrubs. Additionally,
shrubs may be adapted to more frequent crown disturbances
and dieback, and may allocate more carbon to underground
storage to facilitate frequent re-sprouting rather than invest-
ing heavily in shoot growth (Pate et al. 1990; Bowen & Pate
1993; Bond & Midgley 2001). Finally, modelling shows that
preferential investment in stems and roots over leaves comes
at a metabolic cost,which reduces productivity (Magnani et al.
2000). Accordingly, Mencuccini (2003) found that relative to
shrubs, trees tended to support more leaves at a given K,which
echoes our observations of greater G/Q in trees.

Somewhat surprisingly, given the numerous influences gov-
erning metabolic scaling with plant mass (M), our mass
scaling exponents (b4, b5, b6) were generally consistent with
the classic MST prediction of 0.75. Both K and Q scaled with
M to a common exponent that was not statistically different
from 0.75 (Table 2). Four of the six species showed a G by M
exponent not different from 0.75 (Table 2). According to
MST and the observed approximate proportionality between
K, Q and G, we expected b4 ≈ b5 ≈ b4. Indeed, the common
exponents for K and Q scaling were quite similar (b4 = 0.80
versus b5 = 0.82; Table 2). However, there was more variation
in the G by M relationships, which did not support a common
b6 exponent. Interestingly, this G by M exponent increased
with species stature (Fig. 4b), such that relative growth rate
(RGR) declined much more steeply with plant size in shrubs
versus trees (Fig. 5).

In hindsight, it seems obvious that shrubs must have a
lower G by M exponent, and hence, faster decline in RGR
than trees. After all, if they did not, they would grow to be
trees unless they had accelerated annual dieback. This intui-
tive trend is not, however, demonstrably a consequence of
lower Q and K by M exponents in shrubs versus trees as
might be expected from MST. Instead, the G by M scaling in
a species appears to have changed independently of Q and K.
Seemingly, the only way for this to happen is through
ontogenetic variation in the WUE proxy, G/Q. Although sta-
tistically speaking we found G by Q scaling to be consistent
with isometry, the mass scaling observations suggest a statis-
tically non-detected allometry of G/Q.Algebraically, the G/Q
by M exponent equals b6 − b5. In general, this difference is
negative in shrubs and positive in trees (Acer being an excep-
tion). The implication is that growth-based WUE is not only
lower in absolute terms in shrubs versus trees as discussed
earlier but it also tends to decline with size in shrubs versus
increase with size in trees (at least over the size range we
measured). These G/Q trends remain hypothetical, however,
since they were not statistically evident. Nevertheless, the
ultimate outcome of a faster decline in RGR in shrubs versus
trees was robust. We are not aware of any studies in which
RGR of mature plants was compared between different
woody functional types; most observations concern seedlings
and emphasize differences between woody and herbaceous
growth forms (e.g. Grime & Hunt 1975). Comparisons at the
seedling stage for shrubs and trees indicate no difference
(Castro-Díez et al. 2003), so the divergence we observed may
develop later in ontogeny.

Our results provide some insight into the underlying com-
plexity of how woody plant ontogeny results in a particular
mass scaling exponent, which, according to ideal MST theory,
is similar between b4, b5 and b6. Previous modelling quantifies
how the exponents vary with (1) size-dependent trends in
WUE and carbon allocation (Enquist et al. 2007); (2) the
range of sizes being scaled (Savage et al. 2010); (3) vascular
architecture (Sperry et al. 2012); and (4) ontogenetic shifts in
branching symmetry (Smith et al. 2014). According to our
results, any role of (1) should be subtle in our dataset because
as previously discussed, G/Q was statistically constant within
species. When our model simulations incorporated (2) and
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(3) for symmetric crowns (i.e. Km,WBE), the modelled meta-
bolic scaling exponent often significantly underpredicted b4.
Moreover, these modelled exponents fell below 0.75, consist-
ent with previous predictions for realistically plumbed trees
of finite size and symmetric branching architecture (Savage
et al. 2010; Sperry et al. 2012). However, when we additionally
incorporated (4) into the model (i.e. Km,Δ), the scaling expo-
nents steepened, statistically matching b4. Although the
model used the same architectural trajectory for all species,
the effect on the modelled exponents varied across species
due to differences in xylem anatomy and plant size. There-
fore, the combined variation in xylem anatomy and branch-
ing architecture appears important for accurately predicting
the K by M exponent.

Ontogenetic trends in crown architecture also may explain
why our measured K by M exponents were steeper than
those measured by von Allmen et al. (2012), who found
b4 = 0.65 and 0.62, respectively, in Quercus gambelii and the
same A. grandidentatum we measured (and in the same study
site). The von Allmen et al. study measured a larger range in
tree size than we did, up to the biggest trees available. As
trees pass out of the juvenile stage and reach the canopy, their
crown shape stabilizes and even tends to reverse to a more
rounded form (Smith et al. 2014). As Smith et al. showed, this
drives down metabolic scaling exponents. Thus, it is possible
that the scaling exponents in the present study differed from
those measured by von Allmen et al. (2012) because trees
were measured over two different architectural phases.

Our observations of approximate isometry between K, Q
and G across diverse species strongly support the important
idea that the hydraulic network of plants has a strong and
simple coordination with carbon assimilation and growth.This
validates the long-assumed adaptive significance for the evo-
lution of greater water conducting capacity, and it supports a
founding assumption of network-based derivations of meta-
bolic scaling theory. At the same time, our results highlight
that growth may be altered independently of water transport.
Shrubs in our dataset appeared to grow less for a given water
transport capacity than the trees we studied; and the shrubs
tended towards flatter growth by mass scaling than young
trees. Divergence in instantaneous WUE and allocation pre-
sumably create these differences between species.Differences
between species and functional types resulted in interspecific
scaling being generally different from intraspecific scaling, as
will usually be the case (Heusner 1982). Intraspecific scaling is
complex, but as our results indicate, it can be predicted from
multiple ontogenetic processes and constraints. In contrast,
interspecific scaling quickly becomes ambiguous because it
depends not only on the scaling for each species involved and
species sampling but also on the size range over which each
species was measured. Part of the appeal of a species-specific
metabolic scaling approach is that K and how it scales may be
predicted using a small (but growing) number of structural
parameters that can be measured fairly easily for individual
species.The Q can then be predicted from standard ΔP meas-
urements or assumptions. Any modelling of G from Q,
however, will require capturing the dominant controls on
instantaneous WUE and carbon allocation.
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Figure S1. Distinction between common and interspecific
scaling.
Figure S2. Sapflow sensor accuracy testing.
Figure S3. Height by diameter relationships.
Figure S4. Stem mass by HD2 scaling.
Figure S5. Leaf mass by stem mass scaling.
Figure S6. Xylem conduit taper.
Figure S7. Xylem conduit packing.
Figure S8. Sapwood area scaling.
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