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Trade-offs in wood anatomical characteristics reflect different strategies used by trees to deal with water
transport in response to variation in environmental conditions. To study vascular strategies for Bornean
rainforest trees, we compared water transportrelated anatomical characteristics in branch wood between the
common tree species Vatica dulitensis (Dipterocarpaceae) from old-growth forest and the common pioneer
tree species Macaranga gigantea (Euphorbiaceae) from selectively logged forest. We hypothesised that the
vessel traits of the pioneer species would reflect the need to capture and transport resources to support its
fast growth rate (resource-acquisitive strategy), while the species of the old-growth forest would display more
conservative vessel traits (resource-conservative strategy). We found that M. gigantea had significantly greater
vessel area, hydraulically weighted diameter, vessel area to number ratio, and potential hydraulic conductivity
than V. dulitensis. These results suggest that vessel traits of the common old-growth species would ensure
high hydraulic safety during occasional drought when soil moisture is limited, while the common species
of selectively logged forest possesses an efficient water transport system but its vessels would confer lower
hydraulic safety during drought conditions. These contrasting vascular strategies highlight the potential for
divergent responses of species of Bornean forest trees to future climatic extremes.
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INTRODUCTION

The latest climate models predict that severe
droughts will increase in frequency, duration
and intensity across tropical regions over the
next few decades (Zhang et al. 2015, Chadwick
et al. 2016, Corlett 2016), which may result in
increased mortality of forest trees (Bonal et al.
2016). Within the tropics, trees in aseasonal
environments are most vulnerable to drought
(Bonal et al. 2016, Corlett 2016). Moreover,
widespread ongoing deforestation, selective
logging and fragmentation of tropical rainforests
create open patches in the landscape that
result in more desiccating conditions for the
residual forest canopies (Briant et al. 2010), thus
exacerbating water shortage. Given the increasing
incidence and extent of both droughts (Zhang
et al. 2015, Corlett 2016) and anthropogenic
pressures (Asner et al. 2009, Lewis et al. 2015) in
the tropics, it is crucial to understand the water-
use strategies of trees in these ecosystems in order
to support their conservation and management
(Apgaua et al. 2015).
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Borneo is recognised as a global biodiversity
hotspot but has suffered some of the most
intensive selective logging, deforestation and
fragmentation across the tropics (Wilcove
et al. 2013, Gaveau et al. 2014), leading to
microclimate extremes (Blonder et al. 2018,
Jucker et al. 2018). Bornean rainforests also
experience extreme drought conditions induced
by multi-annual El Nino Southern Oscillation
(ENSO) events, causing severe tree mortality
(Slik 2004, Van Nieuwstadt & Sheil 2005). Under
climate change, not only are mean temperature
and precipitation predicted to rise and decline,
respectively (IPCC 2013, Scriven etal. 2015), but
the frequency and magnitude of ENSO droughts
are also expected to increase in Borneo (Walsh &
Newbery 1999, Herbert & Dixon 2003) and sharp
increases in tree mortality after drought were
reported recently from both Bornean primary
and secondary forests (Qie et al. 2017). Hence
an understanding of how trees cope with weather
extremes is crucial for both preservation of old-
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growth forests and management and restoration
of logged forests. However, water transport
strategies remain poorly explored for tree species
of either old-growth or logged forest in Borneo.

Functional water conducting systems are
essential for both growth and survival of plants
(Schreiber et al. 2015, Morris et al. 2018)
especially when they are challenged by drought
(Anderegg et al. 2016, Tng et al. 2018). Vessels
in the tree stem play a key role in ensuring
sufficient supply of water from roots to leaves
(Zanne et al. 2010, Olson et al. 2014, Schreiber et
al. 2015). Variation in xylem vessel anatomy is of
major functional significance in trees (Carlquist
2001, Olson & Rosell 2013). While large vessels
transport water more efficiently than smaller
ones, they are also prone to hydraulic failure
(Meinzer et al. 2001, Hacke et al. 2006). Trees
can adjust the efficiency and safety of their
hydraulic systems by modifying vessel dimensions
(Schreiber et al. 2015, Islam et al. 2019), vessel
density (Islam et al. 2019), or the fraction of
xylem occupied by vessel lumens (Zanne et
al. 2010), and hence, altering their water-use
strategies.

Vessel diameter is one of the most important
wood anatomical traits because it affects hydraulic
conductivity directly (Fichtler & Worbes 2012,
Scholz et al. 2013). Based on the Hagen-Poiseuille
law, conductivity increases with the fourth power
of the diameter (Tyree & Zimmerman 2002),
therefore, large vessels conduct water much
more efficiently than small ones. When studying
tree hydraulic characteristics, vessel diameter is
often converted to hydraulically weighted vessel
diameter (Olson et al. 2014), because the latter
reflects the Hagen-Poiseuille law by giving more
weight to larger vessels than smaller ones. Vessel
area and vessel density (the latter also called
vessel number per area) are useful predictors in
studies of tree water transport because they define
the amount of water that may be conducted in
the stems (Tyree & Zimmerman 2002). The
wood anatomical characteristics vessel lumen
fraction and vessel area to number ratio are
alternative traits to describe vascular strategies
and are both calculated from vessel area and
vessel density (Zanne et al. 2010). Vessel lumen
fraction indicates the amount of cross-sectional
area covered by vessels. Vessel area to number
ratio measures the variation in vessel composition
in the conducting area. A higher value indicates
the presence of few large vessels that are highly
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efficient in transporting water while lower values
characterise numerous small vessels and a more
conservative hydraulic strategy (Zanne et al.
2010).

Different combinations of vessel sizes,
densities and fractions reflect different strategies
used by trees to deal with water transport under
varying environmental conditions (Apgaua
et al. 2015). When grown with sufficient soil
moisture, the wide, rapidly conducting (but
embolism-prone) vessels support fast tree
growth, but when subjected to water deficit,
the narrow slowly conducting (but embolism-
resistant) vessels are needed to ensure hydraulic
safety (Olson et al. 2014, Apgaua et al. 2017).
This hydraulic efficiency-embolism resistance
trade-off may play a key role in tree survival in
environments such as the aseasonal tropics that
do not experience regular annual dry seasons.
When these ecosystems are exposed to occasional
severe droughts, tree xylem anatomy determines
whether cavitation is maintained at non-fatal
levels while at the same time meeting the needs
of the tree for transpiration.

In this study we compared wood density and
six water transport-related wood anatomical
characteristics between two common tree
species representing, respectively, old-growth
and selectively logged forest in Sabah, Malaysian
Borneo. Specifically, we investigated differences
in vessel area (A), hydraulically weighted vessel
diameter (D)), vessel lumen fraction (F), vessel
number per area (N), vessel area to number
ratio (S), potential hydraulic conductivity (K)
and wood density between Vatica dulitensis
(Dipterocarpaceae), which is a representative
species of unlogged primary forest and Macaranga
gigantea (Euphorbiaceae) from selectively logged
forest. Macaranga gigantea is a typical pioneer
species invading logging gaps in secondary
forests (Slik et al. 2003, Susanto et al. 2016), while
V. dulitensis is a canopy species that is endemic
to Borneo and possesses shade-tolerant seedlings
(Soepadmo et al. 2004). Pioneer species are
known for having much lower wood density
than slow-growing shade-tolerant species (King
et al. 2006). However, studying wood density
alone is not sufficient to fully understand water
transport in trees because tree species with
similar wood density may differ significantly in
their xylem anatomy (Zieminska et al. 2013) and
consequently also in their hydraulic conductivity.
Additional anatomical traits such as vessel
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characteristics can support the detection of fine
scale water-use strategies. Although M. gigantea
and V. dulitensis are common species in Bornean
secondary and primary forests respectively, to
the best of our knowledge, their vessel traits and
hydraulic conductivity have not been examined.

We tested the hypothesis that vessel traits
of the common pioneer species would reflect
the need to capture and transport resources to
support its fast growth rate, while the common
shade-tolerant species of old-growth forest
would display more conservative vessel traits.
Therefore, because conductivity of vessels in
angiosperms is associated with vessel area and
diameter (Zanne et al. 2010), we expected that
the pioneer M. gigantea would have larger vessel
area, larger hydraulically weighted diameter and
larger vessel area to number ratio than the shade-
tolerant species V. dulitensis. According to the
Hagen-Poiseuille law, the hydraulic conductivity
increases proportionally with the fourth power of
conduit diameter (Tyree & Zimmerman 2002),
and thus most of the conductivity in trees can
be contributed by a few large vessels (Westoby &
Wright 2006). Therefore, we hypothesised that
M. gigantea would have greater number of large
vessels than V. dulitensis and therefore higher
potential conductivity. We expected that the
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presence of large vessels in the former would also
lead to lower vessel number per area compared
with the latter. We expected wood density to be
significantly lower in the pioneer M. gigantea than
in shade-tolerant V. dulitensis. Since wood density
is directly linked to the non-lumen fraction and
the denser the wood is, the larger the proportion
of the non-lumen fraction (Zanne et al. 2010,
Scholz et al. 2013), we anticipated the vessel
lumen fraction to be greater in the low-density
wood of M. gigantea than in that of V. dulitensis.

MATERIALS AND METHODS
Study area

The study was based on samples collected from
two study sites in Sabah, Malaysia, northern
Borneo (Figure 1), that are part of the Global
Ecosystem Monitoring network (www.gem.
tropicalforests.ox.ac.uk). One site was in the
old-growth lowland dipterocarp forest in Maliau
Basin Conservation Area, which is located in
central Sabah (centred on 4° 49' N, 116° 54’
E, 58,840 ha). The other study site was located
in the selectively logged forest in Kalabakan
Forest Reserve which is part of the Stability of
Altered Forest Ecosystems Project (SAFE, Ewers
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Figure 1

Map of the two study sites in Sabah, Malaysia (triangle and circle show the approximate sampling

locations); Maliau Basin Conservation Area (triangle) represents old-growth forest while the Stability
of Altered Forest Ecosystems (SAFE) Project (circle) contains selectively logged forest
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etal. 2011). The SAFE area was subjected to one
round of selective logging in the 1970s (removing
113 m? ha') and then up to three rounds of
logging in 1990-2008 (removing a further
66 m® ha') (Ewers etal. 2015). As a consequence,
the SAFE area possesses few emergent trees and is
dominated by pioneers and invasive tree species
with a high density of logging roads and skid trails
(Pfeifer et al. 2016).

Data collection

In this study, we targeted common tree species
with regard to abundance and basal area in old-
growth forest (V. dulitensis) and selectively logged
forest (M. gigantea) as part of a comprehensive
functional trait sampling (Both et al. 2019). In
2015, we collected branch wood samples for a
total of six individuals of V. dulitensis in Maliau
Basin Conservation Area. Stem diameter at
breast height (DBH) for V. dulitensis was 24.0 +
13.1 cm (mean value + standard deviation, N =
6). In the selectively logged forest site, a total of
six M. gigantea individuals were sampled. Mean
DBH of sampled M. gigantea individuals was 21.9
+ 7.3 cm (N= 6). Tree canopies were accessed
by professional tree climbers and branches with
wood diameter of approximately 1.5 cm (wood
diameter measured under bark) were collected
from each target tree (one branch per tree). The
branches were further cut into small sections,
approximately 5 cm long, with a fine hand saw,
stored in cooled, sealed plastic bags and brought
to the laboratory for further processing (Pérez-
Harguindeguy et al. 2013). Fresh wood volume
was measured for each branch wood sample using
the water displacement method. Wood samples
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were dried at 70 °C for 72 hours. Wood density
(g cm®) was calculated as dry mass divided by the
fresh wood volume.

For each tree individual, branch sections
were analysed for anatomical traits. The samples
were placed in formalin-acetic acid-alcohol
(FAA) fixative in 50 mL conical tubes within
24 hours of collection. The FAA was prepared
in proportions of 90:5:5 (70% ethanol:glacial
acetic acid:formalin) (Johansen 1940). After 4
weeks the fixative agent was replaced with 70%
ethanol. The 70% ethanol solution was then
replaced two times within 10 days to wash the
fixative out and the third change of ethanol
as a storage medium. Eight cross-sections were
made for each sample with a sliding microtome
at 10-20 pm thickness using disposable blades.
Sections were stained in a mixture of Safranin
O and Alcian blue for better contrast and tissue
identification. All sections were mounted in
glycerol on a microscope slide, covered with a
cover slip and sealed with nail polish. Of the
eight cross-sections for each sample, the most
representative was selected for image processing
and analysis.

Image processing and data analysis

Photographs of the selected cross-sections
were taken at 10x magnification using a digital
camera attached to a light microscope and
image capturing software (Figure 2). The
scale was calibrated with a standard ocular
micrometer slide. Several images per cross-
section were taken from the cambium to the
pith. The series of images was merged together
in Image Composite Editor software (version

Figure 2
vessel
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IMustration of wood cross-sections of (a) Vatica dulitensis and (b) Macaranga gigantea; V indicates a
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2.0.3.0). The cross-sectional areas and vessel
traits of the wood tissues were measured on
one wedge-shaped transect per sample. The
wedge-shaped transect was placed where tension
wood was absent and the vessels were not, or
only to a small degree, damaged by the process
of sectioning. Vessel lumens were coloured in
GIMP software (version 2.8.16, GNU Image
Manipulation Program) using a Cintiq 13HD
graphic tablet. All vessels in the transect were
analysed with Image] 1.50i software.

The anatomical traits measured in this study
were vessel area (A) determined by the average
cross-sectional area of all vessel lumens (excluding
vessel walls) in the wedge-shaped transect, vessel
diameter determined as the mean of the maximum
and minimum (lumen) diameters because vessels
often were not exactly circular, and total area
of all vessels in each cross-sectional image. For
each species, vessel area and vessel diameter
were averaged across individuals. From the vessel
areas and transect areas, vessel lumen fraction
(F) was calculated as the fraction of transect area
filled by vessel lumens (Zanne et al. 2010). Other
vessel characteristics calculated in the present
study were hydraulically weighted diameter (D)),
vessel number per area (N) and vessel area to
number ratio (S) (also called the average vessel
area to number of vessels per area ratio).

Hydraulically weighted diameter = (3
diameter®) / (Y, diameter*) which weights the

Jotan P et al.

importance of diameter in estimated hydraulic
conductance following Sperry et al. (1994).
Vessel number per area (N) was calculated as
vessel lumen fraction in the cross-section (F)
divided by vessel area (A), i.e. N = F/A, and
vessel area to number ratio (S) was calculated as
vessel area divided by vessel number per area (S =
A/N) which measures the variation in vessel size
composition. A higher value of S denotes a greater
contribution of large vessels to water conduction
which are efficient at fast water transport (Zanne
et al. 2010). Anatomical terminology follows
IAWA Committee (1989). Potential (theoretical)
hydraulic conductivity (K ) was calculated
following Poorter et al. (2010) (K= (np,,/128n)
x N x D,* where K, is the potential (xylem
area-specific) hydraulic conductivity (in kg'm™
MPals1), p, is the density of water at 20 °C (998.2
kg m?), and 1 is the viscosity of water at 20 °C
(1.002 x 10 Pa s)). Differences in traits between
the two species were tested with a non-parametric
ANOVA and subsequent Kruskal-Wallis test. All
statistical analyses were performed using R 3.4.3
(R Core Team 2017).

RESULTS

There were clear differences in wood anatomical
traits between V. dulitensis and M. gigantea (Table
1). Vessel area was significantly smaller in V.
dulitensis (average: 0.002 mm?) compared with M.

Table 1 Summary of wood anatomical traits of Vatica dulitensis and Macaranga gigantea; average, minimum,
and maximum values are shown
Trait V. dulitensis M. gigantea Kruskal-Wallis
Min Max Average  N-fold Min Max  Average N-fold X2
variation variation (df=1)

Vessel area, A (mm?) 0.001 0.003 0.0022 1.96 0.004  0.007  0.006" 1.69 8.308  0.004
Hydraulically

weighted diameter, 0.052 0.072 0.061* 1.40 0.097 0.119  0.110° 1.23 8.308  0.004
D, (mm)

Vessel lumen fraction, 198 (184 0,1490 143 0094 0173 0.144* 1.8  0.000 1.000
F (unitless)

Vessel number per 60.05  101.90  80.72 170 1791 4140 2501 231 8.308  0.004
area, N (mm™)

Vesselareatonumber g5 105 397,105 255x10%0 294 0.0001 00004 0.0003° 384 8308  0.004
ratio, S (mm®*)

Potential hydraulic

conductivity, 10.36 67.79 31.02* 6.54 3855 201.34 99.53P 5.22 5.769  0.016
K, (kg m"MPa's")

Wood density (g cm™®)  0.606 0.962 0.717 1.59 0.296  0.407  0.355" 1.38 8.308  0.004

N-fold variations expressed as the ratio of maximum to minimum values; lowercase letters signify differences (a = 0.05)

between the species based on a Kruskal-Wallis test
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gigantea (0.006 mm?) (ranging from 0.001-0.003
and 0.004-0.007 mm?, respectively). Hydraulically
weighted diameter reached 0.052-0.072 and
0.097-0.119 mm in V. dulitensis and M. gigantea
respectively. Vessel number per area in V. dulitensis
(average: 80.72 mm™) was three times higher than
in M. gigantea (25.01 mm?). Vessel area to number
ratio was significantly higher in M. gigantea
(average: 0.0003 mm*) compared with V. dulitensis
(0.0000255 mm*). Potential hydraulic conductivity
ranged from 10.36 to 67.79 kg m! MPa'! s in
V. dulitensis,while M. gigantea exhibited significantly
higher values of 38.55 to 201.34 kg m! MPa s!.
Wood density was significantly higher in
V. dulitensis (ranging from 0.606-0.962 g cm™)
than in M. gigantea (0.296-0.407 g cm®) (Table
1). No significant difference was found between
species for vessel lumen fraction.

DISCUSSION

Our study revealed significant differences
in almost all studied wood anatomical traits
between representative species of old-growth
and selectively logged Bornean forests. The late-
successional species V. dulitensis displayed more
conservative traits (such as significantly smaller
vessel area and vessel diameter, but higher vessel
density; Table 1) than the pioneer M. gigantea
from selectively-logged forest. Vatica dulitensis
lacked large vessels and showed lower values of
both vessel area to number ratio and potential
hydraulic conductivity. The small vessel size and
high wood density displayed by V. dulitensis are
vascular traits strengthening hydraulic safety
and are indicative of a conservative resource
acquisition and growth strategy. Small vessels are
associated with high resistance to xylem cavitation
and are an adaptation to prevent reduction in
hydraulic conductivity during drought (Preston
et al. 2006, Robert et al. 2009, Apgaua et al.
2017, Islam et al. 2018). Dense vessels lower
the risk of detrimental damage during stressful
environmental conditions by enabling alternative
pathways for water conductivity when cavitation
occurs (Schmitz et al. 2006). Vatica dulitensis
is a slow-growing shade-tolerant species (Still
1993), and its vessel traits are unlikely to need
a high hydraulic efficiency to support rapid
transpiration. Instead they would ensure high
hydraulic safety during occasional droughts when
soil moisture is limiting. In contrast, pioneer
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species such as M. gigantea grow in open forest
gaps created by selective logging (Verburg &
Van Eijk-Bos 2003). In gaps, increased light
availability is the deciding factor for increased
Macaranga species abundance (Davies 2001).
However, increased irradiance also imposes a
demand for higher transpiration requirements
to sustain high photosynthetic and growth rates,
therefore pioneers must exhibit a highly efficient
water conducting system. In the present study,
M. gigantea showed higher potential hydraulic
conductivity resulting from large vessels and high
vessel area to number ratio. Species possessing
large vessels and a high vessel area to number ratio
benefit from efficient water transport but face a
greater risk of embolism (Zanne et al. 2010).
Furthermore, low vessel density contributes to
vulnerability of the tree to drought because of
the lack of alternative pathways if numerous
vessels are embolised during cavitation. Hence,
M. gigantea has developed an efficient water
transport system but lacks hydraulic safety under
drought conditions. Clear differences in five
out of six water transport-related vessel traits
between the common species of old-growth
and selectively logged forests may indicate that
the tree communities occupying these forest
types differ significantly in their resistance to
drought, if the two species sampled in this study
are representative of those communities in terms
of vessel traits.

Based on our results, pioneer-dominated
logged forests may be much more susceptible to
low soil moisture than old-growth forests, because
pioneers lack the safety of their hydraulic systems.
Our findings corroborate those of Slik (2004) who
found increased mortality of pioneer Macaranga
trees in logged forests during the 1997/98 ENSO
drought. This finding has important implications
for the future of logged Bornean forests, because
under climate change, extreme drought events
occurring during ENSO events are expected
to increase in both frequency and magnitude
(Walsh & Newbery 1999, Herbert & Dixon
2003, McAlpine et al. 2018, Freund et al. 2019).
Moreover, while both old-growth and selectively
logged Bornean forests experience supra-annual
extreme droughts under ENSO, these impacts of
drought may be further worsened in selectively
logged forests because they suffer additional
microclimate extremes resulting from their open
canopies (Blonder etal. 2018, Jucker etal. 2018).
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The two studied species differed significantly in
all traits except for vessel lumen fraction. Vessel
lumen fraction indicates the relative amount of
space in the stem available for water transport.
Some authors have suggested that vessel lumen
fraction should be negatively correlated with
wood density (Scholz et al. 2013), however, many
studies have found this relationship to be weak
or non-existent (Martinez-Cabrera et al. 2009,
Poorter et al. 2010, Zanne et al. 2010). Results
showed that while wood density of V. dulitensis
was twice that of M. gigantea, the two species
did not differ significantly in the vessel lumen
fraction. Our results thus support findings of
Zieminska et al. (2013) who argued that wood
density alone is not sufficient to understand water
transport in trees. The absence of a difference in
vessel lumen fraction between the dense wood
of V. dulitensis (mean wood density 0.72 g cm™®)
and the light wood of the pioneer M. gigantea
(0.36 g cm™®) may be explained by the difference
in the density of the matrix tissue outside the
vessel lumens (Fan et al. 2012). Despite having
lower conductivity due to the small size of vessels,
V. dulitensis may partially increase the efficiency of
its hydraulic system by possessing a high density
of vessels, while at the same time maintaining a
high wood density.

Selective logging causes shifts in the range
of various leaf and wood trait values in the tree
community (Baraloto etal. 2012, Both etal. 2019,
Carreno-Rocabado et al. 2012, Mayfield et al.
2013, Mouillot et al. 2013, Osazuwa-Peters et al.
2015). Nonetheless, to our knowledge, there has
been no study comparing vessel traits between
representative species of logged and unlogged
tree communities. Campbell et al. (2016, 2018)
analysed differences in vessel characteristics
between logged and undisturbed forests in the
Brazilian dry and wet tropics; however, both
studies focused on a single tree species only.
There is a gap of knowledge comparing wood
anatomical traits between species of old-growth
and selectively logged tree communities. The
rising proportion of fragmented and disturbed
forest in the tropics (Lewis et al. 2015) adds
urgency to the need to understand how plant
functional traits of abundant species vary in
response to disturbance and how these changes
determine ecosystem functioning (Both et al.
2019).
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CONCLUSIONS

This study is the first step in filling this gap in
our understanding of differences in tree vessel
traits between old-growth and selectively logged
rainforests in Borneo. Despite the limitation
of analysing only two species in our study, the
outcomes highlight an important potential
difference in vascular strategies for trees in
Bornean rainforest. Further research is needed
to explore vessel traits of whole tree communities
in both primary and secondary forests. Future
studies should examine the relationships among
vessel traits, tree size and crown exposure to
light. Our results indicate low hydraulic safety
in an abundant pioneer species of selectively
logged forests. Therefore, our findings suggest an
important limitation on forest resilience during
future climatic extremes if species in selectively
logged forest are prone to hydraulic failure and
subsequent mortality.
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