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ABSTRACT 

Co-occurring species often have different strategies for tol­

erating daily cycles of water stress. One underlying param­

eter that can link together the suite of traits that enables a 

given strategy is wood density. Here we compare hydraulic 

traits of two pioneer species from a tropical forest in 

Panama that differ in wood density: Miconia argentea and 

Anacardium excelsum. As hypothesized, the higher wood 

density of Miconia was associated with smaller diameter 

vessels and fibres, more water stress-resistant leaves and 

stems, and roughly half the capacitance of the lower wood 

density Anacardium. However, the scaling of hydraulic 

parameters such as the increases in leaf area and measures 

of hydraulic conductivity with stem diameter was remark­

ably similar between the two species. The collection of traits 

exhibited by Miconia allowed it to tolerate more water 

stress than Anacardium, which relied more heavily on its 

capacitance to buffer daily water potential fluctuations. This 

work demonstrates the importance of examining a range of 

hydraulic traits throughout the plant and highlights the 

spectrum of possible strategies for coping with daily and 

seasonal water stress cycles. 
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INTRODUCTION 
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The xylem of plants carries and replaces the enormous 
quantity of water lost from leaves on a daily basis and is a 
tissue that varies considerably across species (Wheeler, 
Baas & Rodgers 2007). Even within a wood type, variability 
in xylem anatomy can lead to differences in hydraulic func­
tion (McCulloh et al. 2010), and considerable focus has been 
on the impact of this variation across species. However, 
there is also important variation within individuals, and this 

Correspondence: K. A. McCulloh. e-mail: kate.mcculloh@ 
oregonstate.edu 

116 

has received somewhat less attention, especially recently 
(Meinzer et al. 2010). For example, conduit diameters 
narrow and their number per area increase from the bottom 
to the tops of trees. These axial gradients in anatomy lead to 
shifts in hydraulic functional traits along water flow paths 
within plants (Zimmermann 1978; Ewers & Zimmermann 
1984; Domec & Gartner 2002; Dunham, Gartner & Ganio 
2007) 

One parameter of particular interest in the study of 
hydraulic architecture is wood density. This characteristic 
has been shown to influence water storage capacity 
(Meinzer et al. 2003, 2008a; Pratt et al. 2007; Scholz et al. 
2007), hydraulic conductivity (Bucci et al. 2004; Santiago 
et al. 2004), resistance to drought-induced embolism (Hacke 
et at. 2001; Pratt et al. 2007) and, consequently, growth rate 
(Muller-Landau 2004; King et al. 2005; Poorter et al. 2008, 
2010; Wright et al. 2010). Given that the density of the wall 
material in wood is constant (-1.5 g cm-3; Panshin & de 
Zeeuw 1980), variation in bulk wood density is largely the 
result of differences in the proportion of wood volume 
devoted to lumen space (Gartner, Moore & Gardiner 
2004). Recent work has shown that wood density may 
depend on variation in the dimensions and frequencies of 
vessels and fibres (Preston, Cornwell & DeNoyer 2006; 
Poorter et al. 2010) or almost exclusively on fibre traits 
(Martinez-Cabrera et al. 2009). The diversity of anatomical 
patterns leading to observed variation in wood density 
across ecological gradients suggests that there may be dis­
tinct limitations to inferences for plant hydraulic function 
drawn from such broad surveys without being paired with 
detailed physiological measurements. 

The main goal of this study was to compare co-occurring 
species differing in wood density to provide insight into the 
mechanisms by which these strategies affect whole-plant 
hydraulic function. Research on late successional tropical 
forest species showed that higher wood density was associ­
ated with narrower vessels and lower branch sap flux, and 
was ultimately linked to lower whole-tree leaf-specific con­
ductance compared with pioneer species that had lower 
wood density (McCulloh et at. 2011). The aforementioned 
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study was conducted on mature individuals and examined a 
suite of physiological and anatomical traits from trunks to 
twigs. However, environmental stresses are more likely to 
limit growth and survival in smaller individuals due to their 
less extensive root systems and carbon stores (Greenwood 
et al. 2008). Furthermore, there are at least two difficulties in 
studying a wide variety of hydraulic parameters using this 
approach. Firstly, big trees are more complicated architec­
turally than small trees (Ishii & McDowell 2002). Although 
mature individuals should show the most variation in char­
acteristics that change along an axial gradient, the sampling 
required to capture that variability can be prohibitively 
time consuming or require many assumptions. Secondly, 
working with small individuals of species differing in wood 
density often means selecting trees from different succes­
sional status or growing environment. For example, slow­
growing, late successional species often have higher wood 
density than fast-growing pioneer species (Enquist et al. 
1999; Muller-Landau 2004; King et al. 2005; Poorter et al. 
2008, 2010). However, when the late successional species 
are at a manageable size for extensive measurements, they 
are often growing in the understory while pioneer species of 
the same size are often found in gaps. These two environ­
ments differ in ways that can strongly influence the hydrau­
lic needs of the individuals. The understory experiences 
different environmental conditions because it is relatively 
sheltered with lower radiation, temperature and vapour 
pressure deficit than the overstory (Ishida, Yamamura & 

Hori 1992). Furthermore, it has been shown in mature trees 
that successional status can have a large impact on hydrau­
lic architecture (McCulloh et al. 2011), so teasing apart the 
influence of successional status from growing environment 
can be problematic. The link between wood density and 
growth rate may also mean that species with the same suc­
cessional status often have roughly the same wood density. 

We therefore chose to compare two pioneer species from 
the lowland tropical rainforest of the Republic of Panama 
that differed in their wood density. Mieonia argentea and 
Anaeardium exeelsum are both common species in gaps, 
secondary forests, and disturbed areas of Central America 
and northern South America. However, Mieonia is a rela­
tively slow-growing pioneer (Brokaw 1987) and has denser 
wood than Anaeardium. We hypothesized: (1) that the 
greater wood density in Mieonia would be associated with it 
having narrower diameter conduits throughout the plant; (2) 
that this anatomical difference would lead to lower hydraulic 
conductivity; (3) that the differences in wood density would 
also result in lower stem capacitance values in Mieonia than 
in Anaeardium, which would result in Mieonia being less 
buffered against daily fluctuations in water potential than 
Anaeardium; and (4) that this would result in M ieonia being 
more resistant to drought-induced embolism. 

MATERIALS AND METHODS 

Species collection 

Individuals of M. argentea (SW.) DC. (Melastomataceae) 
and A. exeelsum (Bentero & Balb. Ex Kunth) Skeels 
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(Anacardiaceae) were collected from a seasonally dry 
tropical forest in the Republic of Panama. Collection and 
measurements were made during February 2010, which is 
during the 3-4 month annual dry season. Small trees 
ranging in size from 2.7 to 6.3 m in height were collected 
from the laboratory clearing on Barro Colorado Island and 
along Pipeline Road in Parque N acional Soberania (both 
are approximately 9°N 79°W). The average height of the 
eight Mieonia individuals sampled was 4.4 (::'::0.8) m, and for 
the five Anaeardium individuals was 4.0 (::'::1.1) m. Both 
sites are frequently disturbed and all individuals were 
growing in full or near full (>half the day) sun. 

All leaves from the first two individuals collected of both 
species were counted and measured using a leaf area meter 
(Li-3100C; Li-Cor Biosciences, Lincoln, NE, USA). From 
this information, we estimated an average leaf size for each 
species. For subsequent trees, we counted the number of 
leaves and calculated the leaf area by multiplying the 
number by the average area per leaf. We also recorded the 
number of leaves distal to each stem segment used for 
hydraulic measurements in order to calculate the leaf-area 
specific conductivity (see below). 

Stem hydraulic measurements 

Stems of various diameters were selected from harvested 
trees for measurements of hydraulic conductivity and vul­
nerability to drought-induced embolism. The stem seg­
ments were taken from a range of locations on saplings 
-4 m tall and were selected to represent a range of diam­
eters. Thus, trunks, intermediate and distal branches were all 
measured. If a stem segment was greater than -1.5 cm wide, 
a piece of it was split out along the grain with chisel and 
hammer (Domec & Gartner 2001). Prior to each measure-

. 
ment, these chiselled segments were wrapped tightly with 
parafilm to prevent leakage from vessels that had been 
severed during the preparation. The parafilm was removed 
after each hydraulic measurement for the air-injection step. 
The transverse ends of all segments were cut under water 
with fresh razor blades. Segments were kept as long as 
possible, but were cut to fit into a container to refill embo­
lized vessels by submerging them in water overnight, which 
limited lengths to approximately 20 cm. A partial vacuum 
was applied overnight to the container to draw air out of the 
stems. Samples were inspected to ensure no bubbles 
remained on the axial ends before the vacuum was removed 
and measurements were begun. 

After segments were flushed overnight, measurements of 
hydraulic conductivity (kh) were begun to construct vulner­
ability curves. These curves are created from measurements 
of kh alternated with radial injection of air at known pres­
sures, which is intended to reduce the conductivity through 
the formation of embolisms. The 'air-injection' method 
(Sperry & Saliendra 1994) assumes that vessels embolize at 
a pressure that has the same magnitude, but opposite sign 
(i.e. positive versus negative), as in situ. Hydraulic conduc­
tivity was measured by timing the intervals for water to 
reach successive gradations on a pipette attached with 
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tubing to the distal end of the segment, and dividing this 
volume flow rate by the pressure gradient used to induce 
flow across the sample. The pressure gradient was created 
by a hydrostatic pressure head, which was never more than 
15 cm high to avoid refilling embolized vessels. Air pres­
sures imposed on stems between each measurement of kh 
were increased in 0.3 MPa increments. Vulnerability curves 
were graphed by comparing the percent loss in kh relative to 
the maximum versus the applied pressure. 

Other measures of hydraulic function were also com­
puted to compare among the stem segments. The leaf area 
(kd- and xylem area (ks)-specific hydraulic conductivity 
were calculated as maximum kh divided by leaf area distal 
to the segment and xylem cross-sectional area, respectively. 

Recent evidence suggests that segments that contain 
large numbers of vessels that transit the length of the 
segment without an endwall (i.e. 'open vessels') have vul­
nerability curves that differ from those of segments that are 
long enough to not contain open vessels (Choat et al. 2010; 
Co chard et al. 2010; Ennajeh et al. 2011). We performed two 
tests during the dry season of 2011 to assess this issue and its 
potential impact on our previously collected data. Firstly, 
we pushed air into one end of stem segments approximately 
20 cm long (the length of the segments used the previous 
year) and held the other end under water to see if bubbles 
could easily pass through the vessels. If the submerged end 
emitted bubbles, we assumed that the segment contained 
open vessels. Secondly, we constructed new vulnerability 
curves on much longer segments (50-80 cm long) to 
compare with the measurements made during the 2010 field 
season. 

Small pieces (-1 x 1 cm) of stem (wood and pith) repre­
senting the range of diameters of the samples used for 
hydraulic measurements from both species were used to 
construct moisture release curves. Eleven samples were 
measured for Anacardium and 18 were used for Miconia. 
For these measurements, the samples were vacuum infil­
trated overnight in water. The saturated samples were then 
blotted on a paper towel to remove excess water, weighed 
and placed in screen cage thermocouple psychrometer 
chambers (83 series; JRD Merrill Specialty Equipment, 
Logan, UT, USA). These chambers were then double 
bagged and submerged in a cooler of water for 2-3 h to 
allow the sample to equilibrate with the chamber air. After 
the equilibration period, the millivolt readings were 
recorded using a 12-channel digital psychrometer reader 
(85 series; JRD Merrill Specialty Equipment). Following 
the measurement, the samples were removed from the 
chambers, weighed and allowed to dry on the laboratory 
bench for approximately half an hour before repeating the 
process (except for the saturation step). The m V output by 
the psychrometer was converted to MPa based on calibra­
tion curves from salt solutions of known water potentials. 
Samples were measured repeatedly until water potential 
values reached approximately -4 MPa. Samples were then 
placed in the drying oven overnight before weighing the dry 
mass. For each of the repeated measurements, the relative 
water content (RWC) was calculated as: 

(1) 

where Mf is the sample mass for the measurement, Md is the 
dry mass and Ms is the saturated mass of the sample. From 
RWC, relative water deficit (RWD) was calculated as 
1- RWC. The product of RWD and the mass of water per 
unit tissue volume at saturation (Mw) yielded the cumula­
tive mass of the water lost at each measurement. Mw was 
calculated as 

=(�: * p )-p (2) 

where p is wood density. Then, by graphing moisture release 
curves, which compare the cumulative mass of water lost 
versus the sapwood water potential, the capacitance of the 
sample could be estimated by plotting a regression to the 
initial, nearly linear, phase of the plot, which encompassed 
the likely in situ physiological operating range of stem 
water potential (Meinzer et al. 2003, 2008b). 

Stem morphological and anatomical 
measurements 

The wood density was measured for all stem segments used 
for hydraulics. To do this, a short segment (-3 cm long) was 
cut from one end of the sample, the pith and bark were 
removed, and the fresh volume was determined by sub­
merging the wood into a cup of water on a scale. The mass 
difference caused by the sample, which equals the volume 
of water displaced by the sample, was recorded and con­
verted to volume based on the density of water as 1.0 g cm-3 
at standard temperature and pressure. The sample was then 
placed in a drying oven at 100°C overnight and the dry 
mass was subsequently measured. Density was calculated as 
oven-dry mass per green volume. 

Vessel and fibre lumen dimensions were measured for a 
subset of the stems used for hydraulic measurements that 
represented a range of the diameters. Cross-sections of the 
stems were made near the midpoint of the segment by hand 
using fresh razor blades. The sections were mounted in glyc­
erin and images of them were taken using a Photometries 
Coolsnap camera (Tucson, AZ, USA) mounted on a Nikon 
Eclipse E400 microscope connected to a PC using Metavue 
software (Universal Imaging Corp., Downington, PA, 
USA). Images were analysed using the freeware software 
ImageJ (NIH, Bethesda, MD, USA; http://rsbweb.nih.gov/ 
ij/). All vessels bounded by two sets of rays were measured 
from the cambium to the pith (or the entire cross-section 
for the larger, chiselled pieces) in three sections of each 
stem. This resulted in at least 100 vessels measured, or more 
sections were measured until at least 100 vessels were 
assessed. The area defined by the rays was also measured. 
For fibre measurements, 100 fibres were assessed without 
regard for radial location relative to the cambium, but with 
more emphasis placed on the ability to clearly see the 
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dimensions of the much smaller lumen areas. The area of 
the lumen was measured for both fibres and vessels, and the 
lumen diameter was calculated by assuming the area was 
the shape of a circle. 

Leaf hydraulic measurements 

Leaf hydraulic conductance (K1eaf) was measured using the 
timed rehydration method (Brodribb & Holbrook 2003). 
This method assumes that rehydrating a leaf is equivalent to 
recharging a capacitor, and calculates K1eaf as: 

(3) 

where C = leaf capacitance, % = leaf water potential before 
partial rehydration, 'f't = leaf water potential after partial 
rehydration and t = time of rehydration. To make these 
measurements, branches -0.5 m-Iong were taken from the 
individuals we had already collected and from other, simi­
larly sized trees, and were transported to the lab. Collec­
tions were made early in the morning to minimize water 
stress. In the lab, the branches were re-cut under water and 
allowed to rehydrate for 4-6 h in distilled water. To con­
struct leaf hydraulic vulnerability curves, stems were then 
bench dried for periods ranging from 15 min to 2 h before 
being bagged in thick plastic bags and equilibrated in the 
dark for 1-2 h. Leaves were measured within 24 h of rehy­
dration and were refrigerated overnight. Adjacent pairs of 
leaves were taken for measurements of rehydration kinetics 
in which the first leaf was measured as % while the second 
was rehydrating for a period of ( seconds in distilled water 
before it was used to measure o/f. Water temperature was 
maintained between 22 and 24°C. Water potential mea­
surements were made with a 70-bar pressure chamber 
(PMS Instrument Company, Albany, OR, USA). Between 
39 and 45 pairs of leaves were measured for each vulner­
ability curve. 

Values of leaf C were calculated from pressure-volume 
curves (Scholander et al. 1965; Tyree & Hammel 1972) 
made on leaves from the same branches collected for K1eaf 

measurements. Pressure-volume curves were made on four 
leaves from each species and created by alternately mea­
suring leaf masses and water potential measurements as a 
leaf was allowed to air dry and plotting the inverse of the 
water potential with the corresponding relative water 
content. The leaf water potential at the turgor-loss point was 
estimated as the inflection point on this graph. Leaf 
C-values for each species were determined as the slope of 
the curve before and after the turgor-loss point on a graph 
of leaf water potential versus relative water content. All 
values of percent loss in K1eaf shown here are relative to the 
average value of the bin with the maximum absolute K1eaf 

(i.e. the first bin on the right for Anacardium and the second 
for Miconia). 

Field water potentials were measured at midday 
(between 1200 and 1400) on four leaves from each species. 
Measurements were made on 1, 9 and 18 February 2011, 
which were all sunny days. Approximately 2 h before the 
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measurements were made, we sealed plastic bags that had 
been covered with aluminium foil over a shoot on each of 
three individuals. This bag allowed the water potential of 
the leaves to equilibrate with the stems. Midday water 
potential measurements were made on one to two bagged 
and unbagged leaves from each individual. The water 
potentials of bagged samples were assumed to represent 
stem water potentials. 

Statistical analyses 

Linear comparisons of measured traits were made using the 
standardized major axis (SMA) technique. This process was 
done using the freeware program SMATR (Warton e( al. 
2006; http://www.bio.mq.edu.au/ecology/SMATRI). Means 
of traits were compared between the two species using Stu­
dent's (-tests. Lines were fitted to vulnerability curves of 
stems and leaves using all data points, but only mean values 
are shown in figures for simplicity. Probability levels of 
P < 0.05 were considered significant and those below 0.1 
were considered marginal. 

RESULTS 

Wood density was higher in individuals of Miconia 
(0.59 g cm-3) than Anacardium (0.38 g cm-3; (-test P 
value < 0.0001). Despite greater variation in wood density 
of small diameter stems, only Miconia showed a relation­
ship (P value = 0.001) between wood density and stem 
diameter (Fig. 1a; Anacardium P value = 0.8). In contrast, 
mean vessel diameter increased with stem diameter in both 
species (Fig. 1b), but showed relationships unique to each 
species (SMA relationships differed at P value < 0.01), with 
Anacardium exhibiting wider diameter conduits for a given 
stem diameter. The relationships between mean fibre lumen 
diameter and stem diameter were also unique to each 
species, with Miconia exhibiting a negative one and Anac­
ardium exhibiting a positive relationship (Fig. 1c). The high 
amount of scatter in the Miconia data resulted in only a 
marginally significant relationship (P value = 0.068). 
Although both species showed a nearly flat relationship 
between wood density and stem diameter (Fig. 1a), fibre 
lumen diameter did decline with greater wood density in 
both species along a common slope (Fig. 2). When the 
species were considered separately, the relationship was not 
significant in Anacardium (P value = 0.48), but was in 
Miconia (P value = 0.03), and the Miconia relationship was 
not different from the common slope (P value = 0.66). 

Despite the wider conduits in Anacardium, the same 
leaf area was supported by a given stem diameter in 
both species (Fig. 3, P value < 0.001). This scaling occurred 
although the average area per leaf of the Miconia individu­
als was 1.5 times that of Anacardium (211 cm2 versus 
140 cm2; (-test P value = 0.05). The scaling of hydraulic func­
tional traits with stem diameter between the two species 
was also nearly identical (Fig. 3, P values < 0.01). The 
scatter increased when hydraulic conductivity was consid­
ered on a leaf area- (kL Fig. 3b) and wood-area specific basis 
(ks; Fig. 3c). 
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Leaf hydraulic conductance (K1eaf) declined more 
rapidly with water potential in Anacardium than in 
Miconia (Fig. 4). Anacardium exhibited a steep rise in the 
percent loss of K1eaf and had lost nearly all conductance by 
approximately -1.3 MPa. In contrast, K1eaf declined more 
slowly in Miconia and did not approach complete loss 
until nearly -2.3 MPa. The pressure at which 50% of the 
leaf hydraulic conductance was lost (Pso) also reflected 
this difference between the species, with it equalling 

-1.6 MPa for Miconia and -0.9 MPa for Anacardium 

(95% confidence intervals are not overlapping at P50). 

Despite Miconia having much lower midday leaf water 
potentials than Anacardium (Fig. 4, compare vertical 
lines), the percent loss of K1eaf at midday was roughly 
equal, which was 29% loss at midday for Anacardium 
compared with 24% loss at midday for Miconia. The 
maximum absolute value of the K1eaf was slightly higher in 
Anacardium than Miconia (12.1 versus 9.8 mmol m-2 S-1 

MPa-1, respectively). 
Measurements of open vessels in stems of approximately 

20 cm long made during 2011 revealed that vessels 
exceeded this length in stems greater than 12 mm in diam­
eter for both species (data not shown). Thus, stems wider 
than 12 mm diameter were predicted to show artificially 
high xylem vulnerability (Choat et ai. 2010; Cochard et al. 
2010; Ennajeh et al. 2011) and these data were discarded. 
However, the vulnerability curves for narrow stems showed 
that Miconia tended to be more resistant to drought­
induced embolism formation than Anacardium (Fig. 5): the 
pressure at which 50% of the hydraulic conductivity (P50) 

was lost from Anacardium stems was lower than for 
Miconia (0.9 versus 1.4 MPa; 95% confidence intervals are 
not overlapping at Pso). The vulnerability curves of these 
small diameter size classes were also reconfirmed in 2011 
with longer stems, which showed the same patterns (data 
not shown). Stem water potentials at midday differed 
between the two species as well (t-test P value = 0.03), with 
Anacardium being less negative. Stem water potentials 
implied that 22 and 27% of the hydraulic conductivity 
would be lost from the stems at midday for Miconia and 
Anacardium, respectively. 

Within each species, there was a slight trend for smaller 
diameter stems to have greater estimated values of capaci­
tance than larger diameter stems, but this difference was not 
significant (Fig. 6). This distinction is clear in Anacardium 
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f2 value is 0.68. 
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Figure 3. Scaling of leaf area and hydraulic function with stem 

diameter for two tropical pioneer species on log-log plots. Shown 

are (a) leaf area, (b) leaf-specific conductivity (kd and (c) xylem 

area-specific conductivity (ks). The slopes were not different 

between the two species, so only the common slope is shown for 

each relationship (P values < 0.05). The standardized major axis 

(SMA) equations are y = 1.8 x - 2.2 for (a), y = 0.8 x 5.2 for (b), 

and y = 0.5 x - 1.1 for (c). 

when trunk versus branch values are compared, and it is 
also apparent that the branches had greater total amounts 
of volumetric water released. However, between the two 
species, Anacardium had significantly greater capacitance 
than Miconia. The volumetric water released at the midday 
water potential, which was calculated as the area defined by 
the capacitance regression and the vertical line indicating 
midday stem water potential, was more than two times 
higher in Anacardium than Miconia. 
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Figure 5. Stem vulnerability curves showing percent loss in 

hydraulic conductivity (PLC) vs. applied pressure for small 

diameter branches of two tropical pioneer species. Error bars 

indicate standard deviations. Relationships within species are 
defined by two-parameter exponential rise-to-maximum plots. 
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tropical pioneer species. The initial, linear portion of each curve 

was used to calculate the capacitance for each species. Within 

each panel, the open symbols represent branches and the closed 

symbols are trunks. The grey, vertical lines are the average (from 

three individuals on each of 3 d) stem water potentials at midday 

for each species. 

fibre diameter declined along a common slope with wood 
density (Fig. 2). Although the relationship between leaf area 
and stem diameter was linear on a log-log plot, the relation­
ship remained linear on a plot with linear axis scales, which 
means that as the trees grow, there would be a non-linear 
relationship between leaf area: sapwood area.At some point, 
this would result in less and less leaf area added per given 
diameter increment. The nearly identical scaling of hydraulic 
conductivity with stem diameter (data not shown) means 
that whole-shoot hydraulic conductance would also scale 
similarly with stem diameter for these two species 
(McCulloh et al. 2010). The interspecific relationship 
between hydraulic conductivity and stem diameter (not 
shown) was a strong one (r = 0.84) , which is somewhat 
surprising given the greater vessel diameter in Anacardium 
(Fig. 1b) . This result could be due to Anacardium having 
shorter vessels, fewer inter-vessel pits per vessel and/or fewer 
vessels per area. No differences were found in the last param­
eter (data not shown) and the first two were, unfortunately, 
not measured. Overall, these results support our hypotheses 
that greater wood density would be associated with smaller 
diameter vessels, increased hydraulic safety (more drought­
resistant wood) and lower values of capacitance. However, 

our prediction that the lower wood density in Anacardium 
would result in greater hydraulic efficiency (i.e. greater 
hydraulic conductivity) was not supported. 

Both species had midday stem and leaf water potentials 
that were predicted to impair the hydraulic function of 
those organs by roughly equal amounts, yet the suite of 
traits examined here reflects two distinct approaches to the 
regulation of daily cycles of hydraulic stress. In Anacar­
dium, the lower wood density allows for greater capaci­
tance, which buffers the daily fluctuations in water potential 
(Fig. 6) and is associated with less embolism-resistant wood 
and leaf tissue, whereas for Miconia, the higher density 
wood is associated with greater resistance to daily water 
stress in both the stems and leaves. This reliance on capaci­
tance to cushion the daily water deficit observed in Anac­
ardium continues to play a vital role in mature individuals, 
and many other species of low-wood density pioneers 
(Meinzer et al. 2003, 2008a,b) , which also show similar 
values of loss of hydraulic function at midday water poten­
tials (Meinzer et al. 2008b) . The capacitance measured in 
the Anacardium saplings studied here was approximately 
two times greater than in the sapwood of mature Anacar­
dium (Meinzer et al. 2003) . This difference is most likely due 
to the inclusion of pith in samples that were narrow enough 
for the entire stem diameter to fit in the psychrometer 
chamber (Fig. 6, open symbols) . Our reasoning was that 
samples this narrow may very well draw on water stored 
within their pith. An additional source of some capacitive 
water for these trees could be from embolized vessels, given 
that the midday water potentials predict that the hydraulic 
conductivity would be reduced by 27%, assuming they are 
able to refill each night. The greater resistance to embolism 
in Miconia may confer an advantage by reducing the dry­
season mortality compared with other pioneer species 
(Pearson et al. 2003a) . Miconia also benefits from its invest­
ment in drought resistance by having relative growth rates 
of leaves that are roughly equal to other pioneers during the 
wet season, but that exceed the others during the dry season 
(Pearson et al. 2003b) . Although Anacardium was not 
among the pioneer species studied in the work of Pearson 
and colleagues, the species that were studied (Trema 
micrantha, Cecropia ins ign is, Luehea seemann ii, Ochroma 
pyramidale and Croton bilbergianus) have wood density 
more similar to Anacardium than Miconia (K.A. McCulloh 
& D.M. Johnson, unpublished results). 

The strong dependence on structural tolerance of daily 
cycles of water stress observed in Miconia may be partially 
responsible for its maximum height being approximately 
half that of Anacardium (-20 m versus -40 m, respectively; 
Croat 1978) . As a north-temperate conifer (Pseudotsuga 
menziesii) approaches its maximum height (Domec et al. 
2008) , it apparently spirals into a cycle in which the low 
water potentials prevent tracheids from expanding as 
much as they could at higher water potentials, resulting in 
diminished pit dimensions in new growth, which increase 
the resistance to water stress-induced embolism, but 
reduce the hydraulic conductivity, forcing a further drop in 
the water potential necessary to sustain a given water flux, 
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which further constrains cell expansion. Although there 
are obvious differences between P. menziesii and the 
species examined here, size-related limitations on cell 
growth have also been observed in Fraxinus excelsior, Acer 
pseudoplatanus, Pinus sylvestris and a poplar clone (Men­
cuccini et al. 2005), as well as in Sequoia sempervirens 
(Koch et al. 2004). Assuming a similar cycle exists for 
Miconia and Anacardium, Miconia may have a lower 
maximum height because of greater reliance on a struc­
tural versus capacitive strategy. 

Miconia may have equivalent leaf relative growth rates to 
other pioneers (Pearson et al. 2003b) because greater flow 
rates of water through its xylem may support greater sto­
matal conductance and photosynthesis. Given that the 
nearly identical scaling of hydraulic conductivity with stem 
diameter (data not shown) of the two species would predict 
the same scaling of increases in whole-shoot conductance 
with stem diameter (McCulloh et al. 2010) and that the leaf 
area scales similarly with stem diameter (Fig. 3), then if we 
assume that the soil water potentials are the same for these 
co-occurring species, the lower midday water potentials of 
Miconia would result in greater flow on a leaf-area basis. 
Consistent with this, stomatal conductance is greater in 
Miconia than in Anacardium during the dry season (Meinzer 
et al. 1993, 1995), although this difference is confounded 
because the Anacardium studied were taller than the 
Miconia. This greater hydraulic capacity of Miconia presum­
ably yields higher photosynthetic rates (Santiago et ai. 2004) 
and the extra carbon required to grow high-density wood at 
equivalent rates of other, lower-density pioneer species. 

Greater wood density has been shown to be associated 
with greater resistance to drought-induced embolism 
(Hacke et al. 2001; Pratt et al. 2007). In fact, it has been 
proposed that small diameter fibres may be needed to 
provide the mechanical strength necessary to resist the sig­
nificant negative pressures experienced under drought con­
ditions (Jacobsen et al. 2005). However, given the tradeoff 
between high wood density and capacitance, it is worth 
contemplating what benefit high-density wood is providing 
in terms of stem hydraulics: without the small diameter 
fibres, the wood density would be lower, the capacitance 
higher, which would buffer the water potentials, and the 
plant would not need to tolerate such negative pressures 
(Haltta et al. 2009). Furthermore, recent evaluations of 
within-plant variation in wood properties suggest that in 
some circumstances, low-density wood is more biomechani­
cally adaptive while in others high-density wood is (Larjav­
aara & Muller-Landau 2010; Lachenbruch, Moore & Evans 
2011). A possible alternative benefit that the high wood 
density could be providing is one of defence against decay 
(Mackensen, Bauhus & Webber 2003; Weedon et al. 2009). 
In our search for suitable species for this study, we noted an 
apparent tradeoff in which pioneer species either tended to 
have higher density wood or defences such as mucilage, 
latex or resins, but not both. Thus, it may be that higher­
density wood defends the tree from decay, but then the lack 
of capacitive ability requires a distinct suite of traits to resist 
the resulting lower water potentials. 
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Within each species, stem and leaf vulnerabilities to water 
stress-induced embolism were tightly coordinated. For 
neither species were the leaves considerably more or less 
vulnerable than the stems when comparing their Pso values, 
a metric representing the pressure at which 50% of the 
hydraulic function has been lost. Previous work has found 
species where the leaves are more (Tyree et ai. 1993; Hao 
et al. 2008; Chen et al. 2009) and equally (Chen et al. 2010) 
vulnerable than stems, and differences in these strategies 
may reflect differences in the xylem pressure gradients in 
the distal portions of the plant. Martin Zimmermann (1983) 
proposed in his hydraulic segmentation hypothesis that 
plants would benefit from leaves acting as a discard able 
buffer that can hydraulically isolate stems. He assumed that 
stems and leaves were equally vulnerable to embolism 
within a plant and that the drop in kL distally (e.g. Fig. 3b) 
would lead to a drop in xylem pressure that would cause 
embolism in the leaves. A decade later, Zimmermann's 
hypothesis was extended by Tyree and colleagues who pos­
tulated that a more effective method of isolating the woody 
portion of the plant would be to have leaves that were more 
vulnerable to embolism than stems (vulnerability segmen­
tation hypothesis; Tyree et al. 1993). Data from different 
species suggest that both theories may be supported, but the 
species examined here seem to segment through the origi­
nal hydraulic hypothesis and not vulnerability when the 
leaves and small diameter branches are compared. 

The hydraulic strategy associated with high- versus low­
density wood in co-occurring species is common in many 
habitats (Swenson & Enquist 2007), yet the tradeoffs of 
each approach are not entirely understood. Miconia has 
higher relative growth rates than other low-wood density 
pioneers (Pearson et ai. 2003b) and is approximately 26 
times more abundant than Anacardium in a long-term 
census plot on Barro Colorado Island (Hubbell, Condit & 

Foster 2005). However, in highly disturbed locations, these 
species coexist and the strategy of Anacardium is clearly 
not a hindrance to success. The results presented here 
highlight the importance of examining multiple hydraulic 
traits (Meinzer et ai. 2009, 2010). Focusing solely on stem 
vulnerability curves would have ignored the impact of 
capacitance in Anacardium as an additional measure of 
safety. By studying a coordinated suite of traits, the differ­
ent strategies employed by plants to resist diurnal and sea­
sonal water stress, and the tradeoffs associated with them, 
can be explored more thoroughly. 
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