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e Stem CO, efflux (EA) significantly contributes to autotrophic and ecosystem respiration in
tropical forests, but field methodologies often introduce biases and uncertainty. This study
evaluates these biases and their impact on scaling EA at the stand-level.

¢ Diel and vertical patterns of EA were investigated, along with the accuracy of estimating
stem surface area from allometric equations vs terrestrial light dection and ranging (LiDAR)
scanning (TLS) in Maliau Basin Conservation Area, Sabah, Malaysian Borneo.

¢ Diel EA exhibited no uniform pattern due to inter-tree variability, but results suggest mea-
suring EA before 15:00 h. EA was significantly higher on buttresses and above the first major
branching point, but vertical variations in EA did not impact stand-level EA when stem surface
area was accurately estimated. Allometric equations underestimated total stem surface area
by c¢. 40% compared with TLS, but applying a site-specific correction factor yielded a similar
stand-level EA and total stem surface area to TLS.

e This study provides guidance for measuring EA in the field and suggests that measuring at
one time point and one height along the stem can produce accurate results if conducted using

Received: 27 November 2024
Accepted: 77 March 2025

New Phytologist (2025) 246: 2004-2014
doi: 10.1111/nph.70122

Key words: carbon fluxes, diel respiration,
respiratory scaling, stem respiration, surface
area allometries, terrestrial LIDAR, tropical
forest.

the correct time frame and if stem surface area is accurately estimated.

Introduction

Stem respiration is CO, produced by respiration inside the stem
(Bowman et al, 2008) due to the metabolic activity of woody
cells during plant growth and maintenance (Malhi ez 4/, 2009).
As tree stems consist of several layers of metabolically active tis-
sue, it can be difficult to measure the respiration rate of indivi-
dual ctissues below the stem surface (Teskey er al, 2008;
Trumbore et al, 2013) or be certain of the origin of diffused
CO, (Salomén ez al., 2024). CO, may be transported away from
the origin site upwards in the xylem (Hélttd & Kolari, 2009),
and CO, originating elsewhere, such as the root system, can also
be transported upwards and diffused out within the stem and
upper canopy (Teskey er al, 2008; Trumbore ez al, 2013).
Woody stem CO, efflux to the atmosphere (EA) is the CO,
efflux measured at the stem surface and is widely used as a proxy
for stem respiration. EA is methodologically simpler to quantify
and is largely a measure of the in situ autotrophic respiration of
the biologically active outer layer of the stem (Robertson
et al., 2010), although it is acknowledged that EA does not neces-
sarily equal stem respiration.
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In tropical rainforests, EA is a substantial contributor to the
carbon budget, accounting for 23-42% of autotrophic respira-
tion (Mills ez 4/, 2023) and ¢ 13-25% of total ecosystem
respiration (Chambers e 4l., 2004; Cavaleri e al., 2006; Malhi
et al., 2009; Mills ez al., 2023). EA is highly reflective of tree
metabolism and can provide vital information about forest alloca-
tion and investment strategies (Mills ez al., 2024), and response
to environmental pressures such as drought (Rowland
et al., 2018) and elevational gradients (Zach ez al., 2008, 2010;
Robertson ¢t al., 2010). Yet, current methods of estimating EA
allow for a large potential for bias and uncertainty. Field studies
assume that EA is constant with height and diurnally, and obser-
vations at the tree-level are upscaled to the 1-ha forest plot using
estimates of woody stem surface area from allometric equations.
In tropical forests particularly, the assumption of constant EA is
largely for methodological simplicity.

Current methods for estimating EA sample are to take a pro-
portion of trees of varying sizes and species per plot (usually
40-50 trees per 1-ha plot) and to take one measurement per tree
at a convenient measurement height, typically between 1.1 and
1.5m from the ground (termed breast height), usually during
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office hours (09:00 h—15:00 h). Although logistically simpler,
especially in remote tropical forests, measuring at one timestamp
assumes that EA does not vary over 24 h, which could result in
biases according to the time measurements were conducted or be
reflective of other forms of CO, consumption and transport
(Teskey er al., 2008; Angert ez al., 2012). Temperature is a domi-
nant driver of stem respiration (Stockfors, 2000; Zha ez al., 2004;
Saveyn et al., 2008) and has previously been used to model stem
respiration as a function of the Qo parameter (Holttd &
Kolari, 2009; Darenova et al., 2019). These thermal-driven varia-
tions in EA have largely been reported outside the tropics, with
contradictory findings within the tropics where thermal varia-
tions are limited in comparison with other areas. In tropical
regions, diel variation has been observed previously in Amazonia
(Kunert, 2018; Jardine et al, 2022), Thailand (Marler &
Lindstrém, 2020), Northern China (Yang et al., 2014), and Beij-
ing (Han e al., 2017). Other studies have, however, reported no
diel pattern in south Ecuador (Zach ez 4/, 2008) and limited var-
iation in eastern Amazonia (Rowland et 4/, 2018). Such studies
have been limited in their sample size (Yang er al, 2014;
Kunert, 2018; Jardine ez al., 2022) due to logistical constraints
with equipment and accessibility (Kunert, 2018), which is part-
cularly challenging in remote locations. There is also a trade-off
in EA studies between temporal and spatial resolution, for exam-
ple sampling a larger number of trees and plots vs the frequency
of visits and total duration of the study (Mills ez 4/, 2024). Given
such constraints in physically measuring diel EA, the question
remains: What is the most representative time of day to measure
EA? (Kunert, 2018).

Similarly, there are methodological constraints on measuring
vertical EA, especially in tropical regions where trees are typically
tall in stature and forests are dense. Due to this, EA is
typically assumed constant and measured at breast height only.
Research on vertical EA in tropical forests has produced conflict-
ing results. Studies have reported that EA varies with stem height
(Cavaleri et al., 2006; Kunert, 2018), whilst other studies found
no clear pattern of vertical variation (Katayama er al, 2014,
2019), or a decrease with stem height (Asao ez al, 2015). Studies
conducted outside the tropics have generally reported an increase
in EA with height (Damesin ez al., 2002; Araki ez al., 2010; Tar-
vainen et al, 2014; Han er al, 2017; Martinez-Garcia
et al., 2017). It is expected that EA would vary vertically along
the stem due to gradients in stem temperature (Kunert, 2018),
stem growth (Araki er al, 2010, 2015; Tarvainen er al.,, 2014),
and variations in bark depth (Katayama ez al., 2014). Variations
with height may also be a result of an increase in diffused CO,
being transported upwards and diffusing out through the thinner
bark in the canopy (Bowman ez 4/, 2005). This may be further
influenced by differences in solar radiation in the canopy affect-
ing bark water content and subsequent CO, diffusion (Holetd &
Kolari, 2009), resulting in higher variation of EA in the canopy
compared with at 1.1-m height (Katayama ez al., 2014). Due to
the difficulties in measuring within the canopy, studies measuring
vertical variation are often limited in sample size (Cavaleri
et al, 2006; Katayama et al, 2014; Asao et al, 2015;
Kunert, 2018), and physical sampling can involve assembling
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towers and scaffolding (Katayama et a/., 2014; Kunert, 2018). In
combination, these limitations make it challenging to quantify
variation across a wider range of tree sizes and species (Katayama
et al., 2019). Given the logistical difficulty of measuring EA with
height, it is important to quantify to what extent traditional point
sample measurements at breast height are representative of whole
tree-level EA. Previous work in Borneo has examined this and
found that tree-level estimates of EA using measurements at
breast height vs with vertical variation were similar (Katayama
et al., 2014, 2019). This, however, does not account for any bias
or uncertainties involved in how EA is upscaled to tree and stand
levels.

In order to provide a stand-level estimate of EA, the average
EA of the sampled trees is typically upscaled to the 1-ha plot to
give a stand-level estimate of EA, usually annually. Sapwood area
(sapwood vertical plane) and stem surface area have previously
been used as scaling parameters; scaling to surface area is deemed
most accurate and convenient for scaling at the ecosystem level
(Chambers ez al., 2004; Robertson ez al., 2010). In tropical for-
ests specifically, sapwood area is poorly defined and there are
interspecific variations in these species’ diverse ecosystems
(Katayama et al., 2019). Estimates of stem surface area are com-
puted from allometric equations based on tree diameter, which
are typically derived from a small number of destructively
sampled trees — particularly within South America (Chave
et al., 2005, 2014). This can be problematic due to the biogeo-
graphic differences in stem diameter—height relationships that
vary by both forest type and region (Feldpausch ez al., 2011; Meir
et al., 2017), complex tree shapes, for example buttresses (Meir
et al., 2017), and variations in wood density (Patifio ez a/., 2009).
In Malaysia particularly, stand basal area was found to be an
important driver of variations in stem height—diameter allome-
tries, and forests with greater basal area tended to have taller trees
at any given diameter (Feldpausch er al, 2011). Research has
acknowledged the inherent bias in surface area equations and
assigns a 10% error for the purposes of error propagation
and uncertainty (Robertson ez al., 2010). Recent developments in
terrestrial light detection and ranging (LiDAR) have provided the
opportunity to address these complexities by enabling the quanti-
fication of tree form (Meir er al, 2017). By comparing woody
stem surface area estimates derived from terrestrial LIDAR with
traditional estimates derived from allometric equations, it is pos-
sible to estimate the accuracy of current estimates of stand-level
stem surface area, and the consequences for respiratory scaling.

Collectively, several sources of bias contribute to the uncer-
tainty in EA measurements; it is, therefore, important to quantify
such biases and investigate forms of mitigation. This study, there-
fore, investigates diel and vertical patterns of EA and stem surface
area scaling accuracy using the Maliau Basin Conservation Area
(MBCA) in Sabah, Malaysian Borneo, as a case study. Specifi-
cally, this study aimed to:

(1) determine whether EA has a diel cycle and suggest a repre-
sentative time frame to conduct measurements;

(2) quantify whether EA varies vertically and compare estimates
accounting for vertical variations to the estimates from breast
height only;
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(3) compare stem surface area estimates from allometric equa-
tions that use tree diameter with estimates derived from terrestrial
LiDAR for scaling EA from tree-level to stand-level; and

(4) determine the consequence of these biases for the scaling of
EA to stand-level and suggest forms of mitigation.

Materials and Methods

Study site

This study was conducted within the MBCA in Sabah, Malaysian
Borneo, within MLA-01 Maliau Belian plot, which is a 1-ha
intensive Global Ecosystem Monitoring plot (Marthews
et al., 2014; Malhi et al., 2021). This area is an old-growth, low-
land, dipterocarp-dominated, humid tropical forest with no evi-
dence of human disturbance or logging. The climate is moist
tropical, with no regular seasonal periods (Katayama
et al., 2016). Average daily temperature per month in MBCA in
2023 ranged from 24.6 to 26.9°C, and average daily precipita-
tion per month ranged from 5.28 to 26.23 (Yayasan Sabah
Group, unpublished data). The 1-ha study plot, which is divided
into 25 subplots of 20 m X 20 m, has been subject to biannual
forest census and intensive carbon monitoring (Riutta
et al., 2018, 2021; Mills et al., 2023). Stand-level EA of this plot
has been estimated at 7.82 4+ 0.34 Mg C ha 'yr~' based on
monthly data from 2011 to 2019, of which 7.13 +4.38 Mg C
ha 'yr™' is allocated to maintenance respiration and
0.704+4.38Mg C ha 'yr' to growth respiration (Mills
et al., 2024). The three most abundant tree genera are Dryobala-
nops, Rubroshorea, and Eusideroxylon of 144 identified species
(Fig. S1). Within the plot, the basal area is 41.6 4= 3.59 m?/ha
and there are 397 trees (> 10 cm diameter; Fig. S2), of which 47
had a diameter at breast height (DBH) of >50cm (Riutta
etal., 2018).

Diel EA measurements

The field campaign (for both vertical and diel EA measurements)
took place during May 2023. Across the measurement period,
conditions were generally dry during the daytime, with showers
throughout the evenings (Fig. $3). Diel EA was measured within
four subplots on five trees per subplot over 9 consecutive days.
Measurements were taken continuously over 48 h per subplot,
except for subplot 23 (group A), which was measured for 72 h.
Subplots were selected based on their accessibility and variation
of stem sizes. After the five trees within each selected subplot had
been measured for 48 h, the chambers were removed, and the
flux equipment (Fig. S4) was manually relocated to the next sub-
plot. The flux equipment and chambers were then connected to
the next set of five trees, and a new measurement cycle com-
menced. The DBH (1.3 m) of the trees selected ranged from 13
to 208 cm and height from 11 to 45 m (Fig. S2). Trees sampled
were of 16 different species of seven different genera (Fig. S1),
with the most common family being Dipterocarpaceae (50% of
sampled trees); trees of the Dipterocarpaceac made up ¢ 62%
of basal area within the 1-ha plot. Temperature and humidity
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were measured in each subplot at the stem surface continuously
over the measurement period using Tinytag data loggers (TGP-
4500; Gemini). Over the study period, temperature ranged from
22.4 to 30.9°C, with an average temperature of 24.12 £ 0.13°C,
and relative humidity ranged from 68.6 to 100%, with an average
of 88.41 &+ 1.44% (Fig. S3). There was no significant difference
in temperature (ANOVA; P=0.07) or relative humidity
(ANOVA; P=0.35) between measurement days.

On each sampled stem, a platic polyvinyl chloride (PVC) col-
lar 7 cm in length with a 10.6 cm internal diameter was installed
at a height of 1.1 m with silicone sealant (Fig. S4). Before instal-
lation, any mosses, epiphytes, or insect nests were removed. EA
was measured every hour using a LICOR Li8100A infrared gas
analyser (IRGA) and LiCOR Li8150 multiplexer with 15 m
extension cables, powered by a 100-ah car battery. The equip-
ment was configured to operate as a closed, self-flushing multi-
plexed system (LiICOR, 2019). To create a closed system, plastic
caps with an 11 cm diameter, fitted with in-and-out push fittings,
were secured to the plastic collars and connected to the LICOR
system using 15-m extension cables (Fig. S4). Each measurement
duration was 3 min, with a 90-s dead band and flushed with
ambient air between observations. Over the 3-min interval, CO,
accumulates inside the system and the CO, flux is calculated as
the linear change in CO, concentration (LiCOR, 2015):
10V By(1—12) oC

_ 1000

RS(7y 4 273.15) or

where EA is the CO, efflux rate (pmolm *s™ '), V is the
volume (cm?®; chambers and extension cables), Py is the inital
pressure (kPa), W is the inital water vapour mole fraction
(mmol mol™), R is the gas constant (8.314 J/(mol-K)), S is the
woody stem surface area (cm®), 7y is the initial air temperature
(°C), and aa_cz’ is the initial rate of change in water-corrected
CO, mole fraction (pmol mol™'). EA was then scaled to give
EA in mg C m~? h™". Data were subject to quality control and
outlier detection and removal of data in which there had been
incidents of leakage, mechanical error, or outside logical
bounds. Outlier detection and removal was conducted per tree.
Data that were 1.5 times outside the interquartile range (below
the first quartile or above the third quartile) were removed
(n=13 observations). Due to battery constraints, not all cycles
were complete or continuous for every tree. The longest contin-
uous cycle was ¢. 22h and the shortest ¢. 11h. After quality
control, 18 trees were sampled and observations per tree ranged
from 14 to 46, and per hour ranged from 7 to 35 observations
of EA. The final diel dataset consisted of 579 individual obser-
vations of diel EA.

Vertical EA measurements

Vertical EA was measured on 13 trees by a team of tree climbers,
with a minimum of four height intervals (range 4-7) per tree that
were ¢. 5m or ¢. 10 m apart, dependent on tree height (Fig. S5).
Trees ranged from 42.6 to 105.5 cm DBH (Fig. S2) and from 27
to 65m in height, with the highest EA measurement at 50 m.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U8017 SUOLUWIOD dA1I.1D) 3{cedl|dde aLpy Ag peusenob ake sapie VO '8sn JO S9Nl 1oy Akeiq 1 8UIIUO A8]IAN UO (SUOTHPUOD-PUR-SUWLBIALI0D" A3 1M Aleq 1 [BUlUO//:SAIY) SUONIPUOD pue SIS 1 8L 89S *[6202/80/2T] UO ARiqiT8ul|uo AS|IM '4oIessay [e9IPSIN UeoLyY YiNos Aq ZgTOL ydu/TTTT 0T/10p/wod Ae|im Akeuqputjuo yduy/:sdny Wwolj pepeojumod 'S ‘Sz0z ‘ZET869%T



New
Phytologist

Eleven different species of six different families were sampled
(Fig. S1), with the most dominant family being Dipterocarpaceae
(47% of sampled trees). All measurements were taken on the
main stem, or on the first major branch if the tree displayed a Y
branching architecture. The final dataset consisted of 68 observa-
tions of vertical EA, with six measurements on buttresses, 49 on
the stem, and 13 on the stem above the first branching point.
The smallest diameter at point of measurement was 27.0 cm and
the largest 105.8 cm.

Safety and accessibility determined which trees could be
sampled, and trees were selected which were also sampled in
the 2018 terrestrial LIDAR campaign. Sampling took 35 min
to 1h 25min per tree, and all measurements were taken
between 09:00 h and 15:30 h across five consecutive days. At
each sampling point, a PVC collar 10cm in length with a
10.6cm internal diameter was attached to the tree using
ratchet straps and hose clips, and modelling clay was used to
create an airtight seal around the collar (Fig. S5). Before com-
mencing each measurement, the chamber was flushed and col-
lar fanned to remove stagnant air, and the collar was checked
for leakage. To measure EA, an infrared gas analyser (EGM-4;
PP Systems) and soil respiration chamber (SCR-1; PP Systems)
were employed, and a custom ring adapter of 11 cm diameter
and 3.5 cm height was fitted to the chamber to match the dia-
meter of the collars and enable an airtight seal to avoid leakage
(Marthews ez al., 2014). The chamber was placed onto the col-
lar, and CO, efflux was measured for 120s. Over the 120s,
CO, accumulates in the chamber, and the uncorrected CO,
flux (Ry; ppm s~ ") is calculated by the IRGA by fitting a linear
regression  between CO, concentration and time (mean
R =0.954). The CO, flux is then calculated using the ideal
gas law (Marthews er al., 2014). At each sampling point, mea-
surement height on the tree (using a Nikon Forestry Pro) and
stem surface temperature (using a Kestrel 4500) were recorded,
and diameter was recorded at the first and last measurement.
Data were corrected to 25°C assuming a Q;q of 2.0 (Cavaleri
et al., 2006). Average air temperature across all sampling points
was 29.24 +0.22°C and ranged from 24.9 to 31.8°C, and
average air temperature range across a tree’s vertical profile was

2.12+0.436°C (range 0.3-4.9°C).

Terrestrial LIDAR

Terrestrial LIDAR data were acquired in 2018 with a RIEGL
VZ-400 scanner (RIEGL Laser Measurement Systems GmbH,
Horn, Austria) whereby a set of scans were captured on a regular
grid (Wilkes ez al., 2017). Scan patterns were conducted in 10-m
grid patterns, and two scans were acquired at each scan position
whereby the scanner rotation axis was orientated perpendicular
then parallel to the ground. To enable coregistration, manually
placed reflectors were used as tie point between scan positions
(Wilkes ez al., 2017). Postprocessing and coregistration were con-
ducted within the RISCAN Pro software (v.2.9). Manual seg-
mentation of trees was performed within CloudCompare
(https://www.danielgm.net/cc). Point clouds were subject to
semantic segmentation into leaf and wood points using

© 2025 The Author(s).
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TLSeparation PYTHON package (Vicari ef al., 2019). Quantitative
structure models (QSM) for each tree were then created using
wood classified points only using TREEQSM (v.2.3.1; Raumonen
et al., 2013; Raumonen, 2019), whereby, for each parameter set
permutation, five models are generated (Wilkes ez @/, 2023). An
optimum model was then selected by minimising the point to
cylinder surface distance (Burt ez 4/, 2019; Martin-Ducup
et al., 2021). Although all trees in MLA-01 were scanned during
the campaign, data were generated for 190 trees, which could be
satisfactorily segmented.

Surface area was calculated from terrestrial LIDAR scanning
(TLS) using R package TREESTRUCT (Shenkin, 2019), which
includes the tree bole and all branches captured by the scanner
(TLS,0). A second stem surface was calculated, which includes
the tree bole and all branches captured by the scanner that are lar-
ger than 2 cm in diameter, and so branches smaller than 2 cm in
diameter were excluded (TLS,,). Stem surface area error for both
truncations was calculated by using the SD for each tree (based
on the surface area estimate of multiple tree QSM per tree) using
a Monte Carlo simulation with 10 000 simulations to predict the
mean and SE of surface area for the plot.

Stem surface area estimations

Stem surface area (m?) was estimated for all the trees in the plot
that also had terrestrial LIDAR data (7= 190 trees; Figs S6, S7)
and was calculated using an allometric equation based on stem
diameter (Chambers ez al., 2004):

SA — 10~0-105-0.686X+2.208X*~0.627.X°

where SA is the surface area of tree bole and large branches,
X=log(DBH) in cm which is derived from tree census data
(from 2018 to the same year as terrestrial LIDAR data collection).
Total surface area from allometric equations (SA,) was assigned a
SE of 10% (Robertson ez al., 2010).

A surface area correction coefficient was calculated to adjust
the plot stem surface area estimate for the plot height (Robert-
son et al., 2010), thus acknowledging that DBH-height rela-
tionships may differ from the Amazonian dataset used in
Chambers ez al. (2004). The correction coefficient is the average
ratio of predicted tree height per given DBH within the study
plot to trees with the same given DBH in Amazonia. The sur-
face area estimate is then corrected by multiplying the surface
area by the correction coefficient. First, a model was created
between DBH and height (from forest inventory) for trees in
MLA-01 (R*=0.77, P<0.001) whereby height=14.779 x
X-24.546, whereby X=Ilog(DBH in cm). Amazonian tree
height was calculated for a plot based in Manaus (Chambers
et al., 2009) using an equation for East-Central Amazonia
(Feldpausch ez al., 2011). Average ratio of predicted tree height
per given DBH for Amazonian trees to the same diameter in
MLA-01 was estimated at 1.669 (Fig. S8). The estimate surface
area is multiplied by the correction coefficient (1.669) to give a
height-adjusted surface area estimate (SA;,) with a SE of 10%
(Robertson ez al., 2010).
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Statistical analysis

All statistical analyses were conducted in R (v.4.3.3; R Core
Team, 2024). A generalised additive model (GAM), conducted
in R package Mcev (Wood, 2011), was fitted to conduct the diel
analysis. The model used normalised EA (scaled EA to have a
mean of 0 and a SD of 1) as the dependent variable and indepen-
dent variables included in the model were hour, fitted as a
smoother with a cyclic cubic regression spline, and date-time
(cyclic cubic regression spline) nested within tree tag (random
effect) as a tensor smoother. An autocorrelation structure was
applied to account for temporal dependence in the data, and this
was conducted per measurement event as cycles were not contin-
uous. Wilcoxon signed-rank tests were conducted to test whether
predicted values from the model were significantly different
from 0.

A mixed-effects linear model was fitted to determine whether
EA varied with tree height, using the R package NLME (Pinheiro
et al., 2023). The model used EA as the dependent variable, and
EA flux measurement height on the stem (m; log transformed)
and EA flux measurement position (factor; on the stem, buttress
or above first branching point) were independent variables with
fixed effects, and tree tag as a random factor (Table S1).

Stem surface area estimates for each tree (7= 190) calculated
from each method (TLS without truncation, TLS,p; TLS with
2-cm truncation, TLS,; estimated by allometric equations, SA,;
and using a correction coefficient, SAy,,) were compared using a
Friedman rank sum and a pairwise comparison using
a Nemenyi—Wilcoxon—Wilcox test. EA was scaled and
stand-level EA (kg C d™Y) estimated in accordance with both tra-
ditional methods and incorporating vertical variations. First,
average EA at 1.1-m height was scaled to the stem surface area
estimates of SA,, SAp,, TLS,y, and TLS,, to conform with more
traditional scaling methods to estimate stand-level EA. Second,
the vertical EA model was upscaled, whereby the vertical model
was applied to each cylinder of the TLS data for both TLSy and
TLS,, to estimate the stand-level EA with vertical variations. A
mixed-effects linear model, conducted in the R package LME4
(Bates et al., 2015), was used to determine the difference between
total EA per tree from each scaling method and the interaction of
including vertical variation. Within the model, upscaled EA per
tree was the dependent variable and surface area method (SA,,
SAps TLS,, and TLS,;) and interaction with vertical scaling
were the independent variables and tree tag as a random effect.

Results

Diel EA

Diel pattern in EA was measured on 18 trees and observed fluxes
ranged from 1.13 to 186.7 mg C m >h™! with a2 mean EA of
59.30+1.87mg C m “h™' across the measurement period
(Fig. S9), which is ¢. 1.42£0.05g C m 2d". As sampled trees
displayed variability in the range of their fluxes (Fig. S9), EA per
tree was normalised to remove inter-tree variability to determine

the presence of diel patterns. The GAM showed no significant
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diel cycle of normalised EA (P=0.051). However, repeating the
model with tree tag as a fixed effect showed a significant diel cycle
for 16/18 trees studied (Table S2; R = 0.46; P< 0.001). Trees
displayed variability within their diel cycles of normalised EA
(Fig. S10), which indicates that the bias in measuring at one
timestamp is not uniform across trees as the diel cycle is not uni-
form across the studied trees. Using the latter model, predicted
output showed that hours 15:00 h—19:00 h were significantly dif-
ferent from 0 (Table S3); therefore, measurements taken during
these hours would not be representative of the mean normalised
daily flux. This suggests that measurements taken before 15:00 h,
which fall within the usual ‘office hours’, are not significantly dif-
ferent from 0, so measurements taken during these hours would
be representative of the mean normalised daily flux at this site
(Fig. S10; Table S3). EA data from the diel campaign showed a
significant but weak relationship with temperature (temperature
log-transformed; R = 0.02, P< 0.001).

Vertical EA

Results showed that EA did not vary with EA measurement
height along the stem (log-transformed measurement height;
P=0.61) but did vary on buttresses (? < 0.001) and on the stem
above the first branching point (2 < 0.001) (Figs 1, S11, S12;
Table S4). Overall, the model had a marginal R of 0.84 and a
conditional R of 0.25, and the random effect of tree tag was sig-
nificant (AIC 598 vs 637; Table S1). Neither stem diameter
(P=10.48) nor its interaction with flux measurement height
(P=0.23) were significant (Table S1).

Stem surface area estimates

Stem surface area (m?) was estimated for all the trees in the plot
that were also scanned during the terrestrial LIDAR campaign,
which was a total of 190 trees (Figs 2, S6, S7; Table S5). There
was a significant difference in stem surface area from each
method overall (chi-squared =242.13; df=3; P= <0.001).
Specifically, there was a significant difference between SA, and
SA, (P<0.001), SA, and TLS,, (P< 0.001), SAy, and TLS,
(P<0.001), and TLS,, and TLS,, (P< 0.001). There was no
difference between SA, and TLS,, (P=0.38) and between SA;,
and TLS,o (P= 0.38) (Fig. 2).

Upscaling EA to stand-level

Stand-level EA was estimated (kg C d™Y for the plot following
traditional methodologies and including vertical variation. Aver-
age EA at 1.1 m (95.77 £ 12.07 mg C m 2h™') was scaled to
surface area estimates in line with traditional methodologies, and
the vertical EA model was applied to the terrestrial LIDAR data
for TLS,o and TLS,, (Fig. 3a; Table S6). The model showed that
the surface area estimation method was the primary driver for
stand-level EA and that vertical variation had no significant effect
on stand-level EA estimates. Specifically, the results showed that
when upscaling EA at 1.1 m, there was a significant difference
between stand-level EA from SA, and SA;,, (2 < 0.001), SA, and
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Fig. 1 Stem CO, efflux (EA) per unit stem area with tree height (m). Points
denote observed values (observations = 68, no. of trees = 13), whereby
the average has been calculated in 5 m intervals. Horizontal error bars
represent the SE of the mean EA per height interval, and vertical error bars
show the range of heights for each interval with the point placed at the
average height per interval. The black dashed line represents modelled
vertical EA from a mixed-effects linear model, which was applied to all
trees with terrestrial light detection and ranging scanned data and no
branch truncation (n = 190). Average EA from modelled values was
calculated at 0.1-m intervals, and SE for each interval (represented by
bands). For both modelled and observed, green represents measurements
on buttresses (triangles), pink represents measurements on the main stem
(squares), and orange represents measurements above the first major
branching point (circles). Corresponding figure with proportional tree
height is available in Supporting Information Fig. $12.

TLS,, (P< 0.001), SAy, and TLS,, (?< 0.001), and TLS,q and
TLS, (P£<0.001), and nor was any significant difference
between SA, and TLS, (P=0.082), and SAj, and TLS,,
(P=10.99) (Fig. 3a; Table S7). This suggested that not correcting
surface area from SA, to SA;, would lead to a c. 40% underesti-
mation in stand-level EA. When considering the inclusion and
exclusion of vertical variation, results showed no significant dif-
ference between TLS,, including and excluding vertical variation
in EA (P=0.92) and TLS, including and excluding vertical var-
iation in EA (P=0.43) (Fig. 3b; Table S7).

Discussion

Diel EA

This study aimed to quantify the biases in measuring EA in the
field and the implications for scaling EA to stand-level with
the intention of providing recommendations to mitigate these
biases. This study found no significant uniform diel cycle in EA
across trees, but significant inter-tree variability and individual
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Fig.2 Stem surface area (m?) of study trees (n = 190) as calculated by the
allometric equation from Chambers et al. (2004) (SA,; dark blue), using
the allometric equation with a plot-specific height adjustment coefficient
applied (SAng; light blue), terrestrial light detection and ranging (LIDAR)
scanning with 2-cm truncation (TLSy,; orange) and terrestrial LIDAR
scanning with no truncation (TLSyo; light pink). Error bars represent SE,
whereby SA, and SAy, errors have been assigned at 10% (Robertson

et al., 2010) and the dashed line indicates the traditional stem surface area
estimate from SA,. Letters denote statistical significance (P < 0.05), as
determined by Friedman rank sum and a pairwise comparison using a
Nemenyi-Wilcoxon-Wilcox test, whereby different letters denote
significant difference between groups, and shared letters show no
significant difference between groups. The results are given in Supporting
Information Table S5.

diel patterns of EA, with some trees displaying afternoon peaks in
EA and others displaying afternoon depressions (Fig. S10). Pre-
vious research has shown higher EA during the night decreasing
in the early morning, likely following ascending xylem sap and
elevated air temperatures in the morning (Kunert, 2018) and
reduced cell turgor and, therefore, growth at night (Salomén
et al., 2018; Zweifel er al.,, 2021). EA daytime suppressions have
previously been associated with elevated crown temperature,
vapor pressure deficit (VPD), and high transpiration rates (Jar-
dine er al, 2022). In this study, however, the relationship
between EA and temperature displayed a weak positive correla-
tion (K2 =0.02, P< 0.001). As research conducted outside the
tropics evidences strong thermal patterns in stem respiration
(Stockfors, 2000; Zha ez al., 2004; Saveyn et al., 2008), this may
suggest that the lack of a uniform pattern observed at this site is
due to the limited temperature range over the study period
(22.4-30.9°C; Fig. S3). Similar to a study undertaken elsewhere
in Malaysian Borneo, there was no clear effect of environmental
factors on diel variation of EA, and different trees displayed dif-
ferent patterns in diel EA (Katayama ez a/., 2016), indicating that
the bias in measuring at one timestamp is not uniform across
trees (Figs S9, S10). Nevertheless, given the trade-off between the
logistical constraints of measuring diel variations in EA and the
potential bias in not accounting for such variations, it is impor-
tant to provide a guideline for when to measure EA. Although
the overall model showed no diel cycle, when considering the
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Fig. 3 Upscaled stem CO, efflux (EA) by each stem surface area
estimation method and with vertical EA variation. (a) shows stand-level EA
determined by average EA at 1.1 m (95.77 + 12.07 mg Cm~2h™") scaled
to surface area estimated from the allometric equation from Chambers

et al. (2004) (SA,; dark blue), using the allometric equation with a site-
specific correction coefficient applied (SAn,; light blue), terrestrial light
detection and ranging (LiDAR) scanning with 2-cm truncation (TLS;,;
orange) and terrestrial LIDAR scanning with no truncation (TLSg; light
pink) with SE. (b) shows stand-level EA calculated with (hatched) and
without (solid) vertical variation included for TLS, (orange) and TLS;o
(pink) with SE. Letters indicate significant differences (P < 0.05), as
determined by a mixed-effects linear model, whereby different letters
denote significant differences between groups, and shared letters show no
significant difference between groups. The results are given in Supporting
Information Tables S6 and S7.

individual diel cycles of studied trees, results suggested that mea-
suring before 15:00 would be a suitable time frame to measure
EA, which fortuitously coincides with typical working hours.
This research has, however, only been conducted in one geo-
graphic location within an old-growth forest and so is limited in
scope. Nevertheless, it could be used as guidance within this
region. Ideally, a subset of trees would be monitored with contin-
uous, automatic systems to capture diel variation, whilst the
wider spatial sampling would take place at the most representa-
tive time of the day.

Vertical EA

This study also aimed to determine the bias of measuring EA at
breast height only and quantified vertical variations in EA.
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Results showed that EA variation was not related to measurement
height or diameter, but to position on the stem, and higher EA
was observed on buttresses and on the stem above the first
branching point. Research has shown that dissolved CO, in the
sap flow is transported upwards in the morning and is diffused
out through the thinner bark in the canopy (Teskey &
Mcguire, 2002), which would result in lower EA at breast height
relative to the canopy (Katayama et al, 2014). Similarly, CO,
originating in the root system may be transported upwards and
diffuse out in the xylem, as physiological buttresses are the result
of a secondary xylem formed on the upper side of the lateral roots
(Nolke ez al., 2015), resulting in enlarged and thickened roots at
the tree base to aid mechanical support (Simpson, 2010). How-
ever, consistently higher EA above the branching points and on
buttresses (Fig. S11) was observed despite data being collected
across the daytime hours (09:00 h—15:30 h), and likely not the
result of increased diffusion of CO, transported by sap flow. This
suggests that different physiological conditions are responsible
for this elevated EA on buttresses and above the first branching
point.

Higher EA on buttresses and above branching points may be
due to variations in stem growth (Araki er al, 2015), which
would indicate a stable growth rate across the main stem, explain-
ing why no variation in EA was observed on tree stems in this
study. Although all measurements were taken on the main stem
(or on the first-order branch if the tree had a Y-shaped architec-
ture), higher EA above the first branch is consistent with a higher
basal respiration rate for branches than stems (Damesin
et al., 2002) and with previously observed higher CO, efflux rate
of wood in the upper canopy than the lower canopy of stems of
the same given diameter (Cavaleri ez a/., 2006). Higher EA above
the first branching point may be the result of the metabolic cost
of sugar and water transfer in the canopy. Woody respiration is
thought to increase higher up in the canopy closer to leaves where
there is an increased energy cost of growing new cells and the
exchange of carbohydrates into and out of the phloem from
the xylem parenchyma cells (Sprugel, 1990). Research on wood
nutrient content in Sabah found that bark nutrient content was
higher in branches, likely due to branches having a higher pro-
portion of rich inner bark than trunks and stems (Inagawa
et al., 2023). This same study also observed lower concentrations
of wood nutrients in the trunk vs higher concentrations in coarse
roots and branches (Inagawa er al., 2023). Research into wood
anatomical and hydraulic properties of roots, stems, and branches
in Indonesia showed that vessels tended to be larger in the main
stem and smaller in coarse roots and branches (Kotowska
et al., 2015). Similar results have also been observed in South
America where the largest vessels were within the stem (Machado
et al., 2007) and branches and roots displayed similar vessel sizes
(Fortunel et al., 2014). It has been suggested that these differ-
ences could represent a response to permanent water availability
and low evaporative demand (Kotowska ez al., 2015). Such dif-
ferences in nutrient and vessel traits between branches, buttresses
(coarse roots), and stems indicate further physiological differ-
ences and possible mechanisms that may be responsible for the
patterns of EA observed in this study.
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Although there is currently limited research on the woody CO,
efflux of buttresses, making it difficult to determine mechanisms
for the observed elevated EA on buttresses, research into coarse root
respiration has found a relationship with diameter (Makita
et al., 2012). However, when considering just EA on buttresses, we
found no relationship between diameter and EA (linear model;
P=0.47). Buttress growth rate could also be responsible for the
higher EA on buttresses, although this would be difficult to deter-
mine given standard practice involves measuring diameter 50 cm
above the top of the buttress at the tree census (Marthews
et al., 2014), although it is possible to correct for this (Cushman
et al, 2014). Buttresses have been found to have decreased vessel
size, vessel area and specific conductivity from the core to outer
wood in increased mechanical loading
(Christensen-Dalsgaard ez 4/, 2008) and reportedly have thinner
bark (Batlow ez al, 2003). It is potendally these anatomical differ-
ences, stress from the increased mechanical loading, and resulting

accordance with

differences in metabolism in the buttresses that are responsible for
the increased EA observed within this study. Overall, the model
did support these observed patterns of elevated EA on buttresses
and above branching points (Fig. S11) across the range of tree sizes
and species sampled, but further research is needed to disentangle
the mechanisms behind this elevated EA. This research was limited
by being unable to measure branch EA due to the size of the cham-
ber employed, which should be a focal point of future research.

Upscaling EA to stand-level

Understanding the implications of accounting for vertical varia-
tions in EA relies on having accurate estimates of stem surface
area. When scaling vertical variation in EA to stand-level, results
showed that scaling the average EA at 1.1 m to SA resulted in an
underestimation of stand-level EA by ¢ 40% compared with
TLS,o (without vertical variation). However, when scaling using
a surface area correction coefficient (SAy,), there was no differ-
ence between using terrestrial LIDAR and using a correction
coefficient, and no difference was found if vertical variation was
or was not accounted for. Here, vertical variation in EA does not
impact stand-level EA estimates if stem surface area is correctly
estimated, indicating that measuring at 1.1 m is adequate for EA
methodologies. Such findings support research elsewhere in
Malaysia that whole-tree EA estimates, including vertical mea-
surements, did not differ from those based solely on breast height
measurements (Katayama ez al., 2014). This was suggested to be
because of the reduced stem surface area in the canopy where EA
was elevated and so resulted in little effect of vertical variation on
whole-tree estimates (Katayama ez al, 2014). Additionally,
although buttresses had a higher EA than stems, these results
show that having some trees with buttresses in the sample will
not impact the overall stand-level EA (6/13 sampled trees with
buttresses; 66/397 of 1-ha plot with buttresses). Overall, these
findings suggest that the uncertainties in the stem surface area
estimates appear to be more important than vertical variation for
the accuracy of stand-level EA estimations. As there was no differ-
ence in stem surface area estimate from TLS, and SAj;,, this
highlights the importance of applying a site-specific correction

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

Research

K.

factor to account for the biogeographic differences in stem
diameter—height relationships (Feldpausch ez 2/, 2011; Meir
et al., 2017). Although there was no difference in using a correc-
tion coefficient and using terrestrial LiDAR, future research
should continue to employ terrestrial LIDAR to validate the per-
formance of site-specific correction factors across forest types and
regions.

Results from this study show that underestimation of stand-
level EA due to inaccuracy from employing allometric equations
would have consequences for the forest carbon budget. For the
190 trees investigated, traditional estimates of stand-level EA
(SA,) resulted in ¢ 40% underestimation compared with using
TLS,o and SAy,,. Such underestimation would have implications
for the stand-level estimates of autotrophic respiration (R,), eco-
system respiration (R.,), and gross primary productivity (GPP)
if GPP is quantified using bottom-up methods, whereby
GPP = net primary productivity (NPP) + R, (Malhi ez al., 2014;
Mills ez al., 2023). Based on this study, GPP, R,, and R.., for this
forest may be larger than previously estimated. The estimate for
the net carbon balance, on the contrary, would not be affected if
calculated as R.., — GPP, as EA is a component of R,, which is
included in both terms, and any changes would thus cancel out.

In conclusion, measuring EA accurately can be logistically dif-
ficult and involves labour-intensive fieldwork. Although results
from this study are restricted to one geographic region, our out-
comes indicate that logistical constraints can be overcome by
measuring EA in the correct time frame and creating and apply-
ing a site-specific stem surface area correction coefficient. This is
necessary where TLS is unavailable to account for the local
diameter—height relationship and to improve the accuracy of EA
estimates. Results from this study showed that EA does vary
along the stem, but vertical variations do not impact stand-level
EA when stem surface area is accurately estimated and so measur-
ing at 1.1 m would suffice. Conclusions from this case study can
be used as a guideline for future research and experimental
design, as it is acknowledged that the study was limited in both
space and time.

Acknowledgements

MBM was supported by the NERC studentship awarded through
the Central England NERC Training Alliance (CENTA; grant
reference NE/S007350/1) and the University of Leicester, and by
the Royal Geographical Society Postgraduate Research Award
through the Dudley Stamp Memorial Award (PRA 11.23) and
the European Cooperation in Science and Technology (COST)
Short Term Scientific Mission (STSM) Grant (COST Action:
CA20118). With thanks to the South East Asian Rainforest
Research Partnership (SEARRP), Maliau Basin Conservation
Area (MBCA) Management Committee (permit reference
YS/MBCA(RA)/2022/45), Sabah Forestry Department, and
Sabah  Biodiversity ~Council = (Access license  reference
JKM/MBS.1000-2/2 JLD.16 (4)). PW and MD were supported
by capital funding for TLS equipment from the NERC National
Centre for Earth Observation (NCEO; NE/Y006216/1) and
NERC Standard grant NE/P011780/1 Understanding tree

New Phytologist (2025) 246: 20042014
www.newphytologist.com

95U8017 SUOLUWIOD dA1Ie.D) 3{cedl|dde aupy Ag peusenob ake sapie VO '8sn JO Sa|ni 1oy Akeiq 1 8UIIUO AS]IAN UO (SUOTHPUOD-PUR-SULBIALI0D" A3 1M AleIq [BUl [UO//:SANY) SUONIPUOD PUe SIS 1 8L 88S *[6202/80/2T] UO ARiq1T8ul|uO AS|IM '4oessay [e9IPSIN UeoLyY YINos Aq ZgTOL ydu/TTTT 0T/10p/wodAe | Akeuq i putjuo yduy/:sdny Wwolj pepeojumoq ‘G *



201 Vet

architecture, form, and function in the tropics. We thank Berna-
dus Bala Ola, Bill McDonald, Alexander Karolus, and MinSheng
Khoo for species identification. Thank you to the climbing team
— Unding Jami, Muhammad Adam, and Muhammad Kazree,
and to Rohid Kailoh, David Paul, and the team at MBCA
research centre, and to Katie King, Glen Reynolds, and Adrian
Karolus from SEARRP. With thanks to Daniel Wilson and col-
leagues at LICOR, to Ross Morrison at UK CEH for the loan of
the EGM-4 and SCR-1 chamber, Ben Clarke for 3D printing of
the chamber adapter, and Genna Tyrell, Maxine Towler, Victoria
Lane, and the finance team at University of Leicester, and Erin
Thompson, Sui Peng Heon, and Hollie Folkard-Tapp for their
help and support during the field campaign.

Competing interests
None declared.

Author contributions

MBM wrote the paper with contributions from TR, AS, PW,
MD, SP, JCB and JK. MBM analyzed the data. YM, AS,
PW, MD, RR and RN contributed new reagents/analytic tools.
MBM performed the research. MBM and TR designed the

research.

ORCID

Juan Carlos Berrio (2 https://orcid.org/0000-0002-9198-9277
Mathias Disney (2 https://orcid.org/0000-0002-2407-4026
Jorg Kaduk (2 https://orcid.org/0000-0003-4051-3081
Yadvinder Malhi (2 https://orcid.org/0000-0002-3503-4783
Maria B. Mills (27 heeps://orcid.org/0000-0002-2902-8969
Susan Page (12 https://orcid.org/0000-0002-3392-9241

Terhi Riutta (2) heeps://orcid.org/0000-0002-8308-5307
Alexander Shenkin (2 https://orcid.org/0000-0003-2358-9367
Phil Wilkes (2 https://orcid.org/0000-0001-6048-536X

Data availability

Dataset of diel and vertical stem CO, efflux is available at
doi: 10.5281/zenodo.14408902 and data set of terrestrial
LiDAR scans for MILA-01 is available at doi: 10.
5285/844bd5c5bc9940d6b04cd35bd9c8b956.

References

Angert A, Mubhr J, Negron Juarez R, Alegria Muiioz W, Kraemer G, Ramirez
Santillan J, Barkan E, Mazeh S, Chambers JQ, Trumbore SE. 2012. Internal
respiration of Amazon tree stems greatly exceeds external CO, efflux.
Biogeosciences 9: 4979-4991.

Araki MG, Kajimoto T, Han Q, Kawasaki T, Utsugi H, Gyokusen K, Chiba Y.
2015. Effect of stem radial growth on seasonal and spatial variations in stem
CO, efflux of Chamacecyparis obtusa. Trees29: 499-514.

Araki MG, Utsugi H, Kajimoto T, Han Q, Kawasaki T, Chiba Y. 2010.
Estimation of whole-stem respiration, incorporating vertical and seasonal
variations in stem CO, efflux rate, of Chamaecyparis obtusa trees. Journal of
Forest Research 15: 115-122.

New Phytologist (2025) 246: 2004-2014
www.newphytologist.com

New
Phytologist

Asao S, Bedoya-Arrieta R, Ryan MG. 2015. Variation in foliar respiration and
wood CO; efflux rates among species and canopy layers in a wet tropical forest.
Tree Physiology 35: 148-159.

Barlow J, Lagan BO, Peres CA. 2003. Morphological correlates of fire-induced
tree mortality in a central Amazonian forest. Journal of Tropical Ecology 19:
291-299.

Bates D, Michler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects
models using LME4. Journal of Statistical Software 67: 1-48.

Bowman WP, Barbour MM, Turnbull MH, Tissue DT, Whitehead D, Griffin
KL. 2005. Sap flow rates and sapwood density are critical factors in within- and
between-tree variation in CO, efflux from stems of mature Dacrydium
cupressinum trees. New Phytologist 167: 815-828.

Bowman WP, Turnbull MH, Tissue DT, Whitehead D, Griffin KL. 2008.
Sapwood temperature gradients between lower stems and the crown do not
influence estimates of stand-level stem CO, efflux. Tree Physiology 28: 1553
1559.

Burt A, Disney M, Calders K. 2019. Extracting individual trees from lidar point
clouds using treeseg. Methods in Ecology and Evolution 10: 438—445.

Cavaleri MA, Oberbauer SF, Ryan MG. 2006. Wood CO, efflux in a primary
tropical rain forest. Global Change Biology 12: 2442-2458.

Chambers JQ, Dos Santos J, Ribeiro G, Higuchi N. 2009. LBA-ECO CD-08
tree inventory data, Ducke Reserve, Manaus, Brazil: 1999.

Chambers JQ, Tribuzy ES, Toledo LC, Crispim BF, Higuchi N, Santos JD,
Arau’jo AC, Arau’jo A, Kruijt B, Nobre AD ez al. 2004. Respiration from a
tropical forest ecosystem: partitioning of sources and low carbon use efficiency.
Ecological Applications 14: 72-88.

Chave J, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus D, Félster H,
Fromard F, Higuchi N, Kira T ez al. 2005. Tree allometry and improved
estimation of carbon stocks and balance in tropical forests. Oecologia 145: 87—
99.

Chave J, Réjou-Méchain M, Biirquez A, Chidumayo E, Colgan MS, Delitti
WB, Duque A, Eid T, Fearnside PM, Goodman RC ez a/. 2014. Improved
allometric models to estimate the aboveground biomass of tropical trees. Global
Change Biology 20: 3117-3190.

Christensen-Dalsgaard KK, Ennos AR, Fournier M. 2008. Are radial changes in
vascular anatomy mechanically induced or an ageing process? Evidence from
observations on buttressed tree root systems. Trees 22: 543-550.

Cushman KC, Muller-Landau HC, Condit RS, Hubbell SP. 2014. Improving
estimates of biomass change in buttressed trees using tree taper models. Mezhods
in Ecology and Evolution 5: 573-582.

Damesin C, Ceschia E, Le Goff N, Ottorini J-M, Dufréne E. 2002. Stem and
branch respiration of beech: from tree measurements to estimations at the stand
level. New Phytologist 153: 159-172.

Darenova E, Szatniewska J, Acosta M, Pavelka M. 2019. Variability of stem
CO, efflux response to temperature over the diel period. Tree Physiology 39:
877-887.

Feldpausch TR, Banin L, Phillips OL, Baker TR, Lewis SL, Quesada CA,
Affum-Baffoe K, Arets EJMM, Berry NJ, Bird M ez al. 2011. Height-diameter
allometry of tropical forest trees. Biogeosciences 8: 1081-1106.

Fortunel C, Ruelle J, Beauchéne J, Fine PVA, Baraloto C. 2014. Wood specific
gravity and anatomy of branches and roots in 113 Amazonian rainforest tree
species across environmental gradients. New Phytologist 202: 79-94.

Han F, Wang X, Zhou H, Li Y, Hu D. 2017. Temporal dynamics and vertical
variations in stem CO, efflux of Styphnolobium japonicum. Journal of Plant
Research 130: 845-858.

Hélted T, Kolari P. 2009. Interpretation of stem CO, efflux measurements. 7ree
Physiology 29: 1447-1456.

Inagawa T, Riutta T, Majalap-Lee N, Nilus R, Josue J, Malhi Y. 2023. Radial
and vertical variation of wood nutrients in Bornean tropical forest trees.
Biotropica 20: 1-14.

Jardine KJ, Cobello LO, Teixeira LM, East MMS, Levine S, Gimenez BO,
Robles E, Spanner G, Koven C, Xu C et al. 2022. Stem respiration and
growth in a central Amazon rainforest. Trees-Structure and Function 20: 1-14.

Katayama A, Kume T, Ichihashi R, Nakagawa M. 2019. Vertical variation in
wood CO; efflux is not uniformly related to height: measurement across
various species and sizes of Bornean tropical rainforest trees. Tree Physiology 39:
1000-1008.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U8017 SUOLUWIOD dA1I.1D) 3{cedl|dde aLpy Ag peusenob ake sapie VO '8sn JO S9Nl 1oy Akeiq 1 8UIIUO A8]IAN UO (SUOTHPUOD-PUR-SUWLBIALI0D" A3 1M Aleq 1 [BUlUO//:SAIY) SUONIPUOD pue SIS 1 8L 89S *[6202/80/2T] UO ARiqiT8ul|uo AS|IM '4oIessay [e9IPSIN UeoLyY YiNos Aq ZgTOL ydu/TTTT 0T/10p/wod Ae|im Akeuqputjuo yduy/:sdny Wwolj pepeojumod 'S ‘Sz0z ‘ZET869%T


https://orcid.org/0000-0002-9198-9277
https://orcid.org/0000-0002-9198-9277
https://orcid.org/0000-0002-9198-9277
https://orcid.org/0000-0002-2407-4026
https://orcid.org/0000-0002-2407-4026
https://orcid.org/0000-0002-2407-4026
https://orcid.org/0000-0003-4051-3081
https://orcid.org/0000-0003-4051-3081
https://orcid.org/0000-0003-4051-3081
https://orcid.org/0000-0002-3503-4783
https://orcid.org/0000-0002-3503-4783
https://orcid.org/0000-0002-3503-4783
https://orcid.org/0000-0002-2902-8969
https://orcid.org/0000-0002-2902-8969
https://orcid.org/0000-0002-2902-8969
https://orcid.org/0000-0002-3392-9241
https://orcid.org/0000-0002-3392-9241
https://orcid.org/0000-0002-3392-9241
https://orcid.org/0000-0002-8308-5307
https://orcid.org/0000-0002-8308-5307
https://orcid.org/0000-0002-8308-5307
https://orcid.org/0000-0003-2358-9367
https://orcid.org/0000-0003-2358-9367
https://orcid.org/0000-0003-2358-9367
https://orcid.org/0000-0001-6048-536X
https://orcid.org/0000-0001-6048-536X
https://orcid.org/0000-0001-6048-536X
https://doi.org/10.5281/zenodo.14408902
https://doi.org/10.5285/844bd5c5bc9940d6b04cd35bd9c8b956
https://doi.org/10.5285/844bd5c5bc9940d6b04cd35bd9c8b956

New
Phytologist

Katayama A, Kume T, Komatsu H, Ohashi M, Matsumoto K, Ichihashi R,
Kumagai o, Otsuki K. 2014. Vertical variations in wood CO, efflux for live
emergent trees in a Bornean tropical rainforest. 7ree Physiology 34: 503-512.

Katayama A, Kume T, Ohashi M, Matsumoto K, Nakagawa M, Saito T,
Kumagai T, Otsuki K. 2016. Characteristics of wood CO, efflux in a Bornean
tropical rainforest. Agricultural and Forest Meteorology 220: 190-199.

Kotowska MM, Hertel D, Rajab YA, Barus H, Schuldt B. 2015. Patterns in
hydraulic architecture from roots to branches in six tropical tree species from
cacao agroforestry and their relation to wood density and stem growth.
Frontiers in Plant Science 6: 191.

Kunert N. 2018. A case study on the vertical and diurnal variation of stem CO,
effluxes in an Amazonian forest tree. T7ees 32: 913-917.

LiCOR. 2015. LI-8100A operating instructions. Lincoln, NE, USA: LiCOR.

LiCOR. 2019. Measurement of CO, evolution in a multiplexed flask system.
Lincoln, NE, USA: LiCOR.

Machado SR, Rodella RA, Angyalossy V, Marcati CR. 2007. Structural
variations in root and stem wood of Styrax (Styracaceae) from Brazilian forest
and cerrado. IAWA Journal28: 173-188.

Makita N, Kosugi Y, Dannoura M, Takanashi S, Niiyama K, Kassim AR, Nik
AR. 2012. Patterns of root respiration rates and morphological traits in 13 tree
species in a tropical forest. Tree Physiology 32: 303-312.

Malhi Y, Aragio LEOC, Metcalfe DB, Paiva R, Quesada CA, Almeida S,
Anderson L, Brando P, Chambers JQ, da Costa ACL ez 4l. 2009.
Comprehensive assessment of carbon productivity, allocation and storage in
three Amazonian forests. Global Change Biology 15: 1255-1274.

Malhi Y, Farfin Amézquita F, Doughty CE, Silva-Espejo JE, Girardin CAJ,
Metcalfe DB, Aragio LEOC, Huaraca-Quispe LP, Alzamora-Taype I,
Eguiluz-Mora L ez al. 2014. The productivity, metabolism and carbon cycle of
two lowland tropical forest plots in south-western Amazonia, Peru. Plant
Ecology and Diversity 7: 85-105.

Malhi Y, Girardin C, Metcalfe DB, Doughty CE, Aragio LEOC, Rifai SW,
Oliveras I, Shenkin A, Aguirre-Gutiérrez J, Dahlsjo CAL ez al. 2021. The
global ecosystems monitoring network: monitoring ecosystem productivity and
carbon cycling across the tropics. Biological Conservation 253: 108889.

Marler TE, Lindstrom AJ. 2020. Diel patterns of stem CO, efflux vary among
cycads, arborescent monocots, and woody eudicots and gymnosperms. Plant
Signaling & Behavior 15: 1-7.

Marthews T, Riutta T, Menor 10, Urrutia R, Moore S, Metcalfe D, Malhi Y,
Phillips O, Huasco WH, Del Carmen M ez al. 2014. Measuring tropical forest
carbon allocation and cycling: a« RAINFOR-GEM field manual for intensive census
plots (v.3.0) manual. Global Ecosystem Monitoring Network. [WWW
document] URL http://gem.tropicalforests.ox.ac.uk/ [accessed 28 March
2025].

Martin-Ducup O, Mofack GII, Wang D, Raumonen P, Ploton P, Sonké B,
Barbier N, Couteron P, Pélissier R. 2021. Evaluation of automated pipelines
for tree and plot metric estimation from TLS data in tropical forest areas.
Annals of Botany 128: 753-766.

Martinez-Garcia E, Dadi T, Rubio E, Garcia-Morote FA, Andrés-Abellin M,
Lépez-Serrano FR. 2017. Aboveground autotrophic respiration in a Spanish
black pine forest: comparison of scaling methods to improve component
partitioning. Science of the Total Environment 580: 1505-1517.

Meir P, Shenkin A, Disney M, Rowland L, Malhi Y, Herold M, da Costa ACL.
2017. Plant structure—function relationships and woody tissue respiration:
upscaling to forests from laser-derived measurements. In: Plant
respiration: metabolic fluxes and carbon balance. New York, NY, USA: Springer,
89-105.

Mills MB, Both S, Jotan P, Huaraca Huasco W, Cruz R, Pillco MM, Burslem
DFRP, Maycock C, Malhi Y, Ewers RM ez al. 2024. From tree to plot:
investigating stem CO efflux and its drivers along a logging gradient in Sabah,
Malaysian Borneo. New Phytologist 244: 20043.

Mills MB, Malhi Y, Ewers RM, Kho LK, Teh YA, Both S, Burslem DFRP,
Majalap N, Nilus R, Huaraca Huasco W ez al. 2023. Tropical forests post-
logging are a persistent net carbon source to the atmosphere. Proceedings of the
National Academy of Sciences, USA 120: €2214462120.

Nélke N, Fehrmann L, Nengah I, Tiryana T, Seidel D, Kleinn C. 2015. On the

geometry and allometry of big-buttressed trees—a challenge for forest

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

K.

Research

monitoring: new insights from 3D-modeling with terrestrial laser scanning.
iForest—Biogeosciences and Forestry 8: 574.

Patifio S, Lloyd J, Paiva R, Baker TR, Quesada CA, Mercado LM, Schmetler J,
Schwarz M, Santos B, Aguilar A et al. 2009. Branch xylem density variations
across the Amazon Basin. Biogeosciences 6: 545-568.

Pinheiro J, Bates D, R Core Team. 2023. NLME: linear and nonlinear mixed effects
models. [W\WW document] URL https://CRAN.R-project.org/package=nlme.

R Core Team. 2024. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. https://www.R-
project.org/.

Raumonen P. 2019. InverseTampere/ TreeQSM: v.2.3.1. Zenodo. doi: 10.
5281/zenodo.3482908.

Raumonen P, Kaasalainen M, Akerblom M, Kaasalainen S, Kaartinen H,
Vastaranta M, Holopainen M, Disney M, Lewis P. 2013. Fast automatic
precision tree models from terrestrial laser scanner data. Remote Sensing 5: 491—
520.

Riutta T, Kho LK, Teh YA, Ewers R, Majalap N, Malhi Y. 2021. Major and
persistent shifts in below-ground carbon dynamics and soil respiration
following logging in tropical forests. Global Change Biology 27: 1-16.

Riutta T, Malhi Y, Kho LK, Marthews TR, Huaraca Huasco W, Khoo M, Tan
S, Turner E, Reynolds G, Both S ez al. 2018. Logging disturbance shifts net
primary productivity and its allocation in Bornean tropical forests. Global
Change Biology 24: 2913-2928.

Robertson AL, Malhi Y, Farfan-Amezquita F, Aragio LEOC, Silva Espejo
JE, Robertson MA. 2010. Stem respiration in tropical forests along an
elevation gradient in the Amazon and Andes. Global Change Biology 16:
3193-3204.

Rowland L, da Costa ACL, Oliveira AAR, Oliveira RS, Bittencourt PL, Costa
PB, Giles AL, Sosa Al, Coughlin I, Godlee JL ez al. 2018. Drought stress and
tree size determine stem CO, efflux in a tropical forest. New Phytologist 218:
1393-1405.

Salomén RL, De Schepper V, Valbuena-Carabafia M, Gil L, Steppe K. 2018.
Daytime depression in temperature-normalised stem CO; efflux in young
poplar trees is dominated by low turgor pressure rather than by internal
transport of respired CO,. New Phytologist 217: 586-598.

Salomén RL, Helm J, Gessler A, Grams TEE, Hilman B, Muhr ], Steppe K,
Wittmann C, Hartmann H. 2024. The quandary of sources and sinks of CO,
efflux in tree stems—new insights and future directions. Tree Physiology 44:
tpad157.

Saveyn A, Steppe K, McGuire MA, Lemeur R, Teskey RO. 2008. Stem
respiration and carbon dioxide efflux of young Populus deltoides trees in
relation to temperature and xylem carbon dioxide concentration. Oecologia
154: 637-649.

Shenkin A. 2019. 7REESTRUCT: provides classes for analysis and manipulation of tree
structure models. R package v.0.1.36.

Simpson MG. 2010. 9 - Plant Morphology. In: Simpson MG, ed. Plant
systematics, 2" edn. San Diego: Academic Press, 451-513,

Sprugel DG. 1990. Components of woody-tissue respiration in young Abies
amabilis(Dougl.) Forbes trees. Trees 4: 88-98.

Stockfors J. 2000. Temperature variations and distribution of living cells within
tree stems: implications for stem respiration modeling and scale-up. Tree
Physiology 20: 1057-1062.

Tarvainen L, Rintfors M, Wallin G. 2014. Vertical gradients and seasonal
variation in stem CO, efflux within a Norway spruce stand. T7ee Physiology 34:
488-502.

Teskey RO, Mcguire MA. 2002. Carbon dioxide transport in xylem causes errors
in estimation of rates of respiration in stems and branches of trees. Plant, Cell
& Environment 25: 1571-1577.

Teskey RO, Saveyn A, Steppe K, McGuire MA. 2008. Origin, fate and
significance of CO, in tree stems. New Phyrologist 177: 17-32.

Trumbore SE, Angert A, Kunert N, Muhr J, Chambers JQ. 2013. What’s the
flux? Unraveling how CO, fluxes from trees reflect underlying physiological
processes. New Phytologist 197: 353-355.

Vicari MB, Disney M, Wilkes P, Burt A, Calders K, Woodgate W. 2019. Leaf
and wood classification framework for terrestrial LIDAR point clouds. Methods
in Ecology and Evolution 10: 680—-694.

New Phytologist (2025) 246: 20042014
www.newphytologist.com

95U8017 SUOLUWIOD dA1Ie.D) 3{cedl|dde aupy Ag peusenob ake sapie VO '8sn JO Sa|ni 1oy Akeiq 1 8UIIUO AS]IAN UO (SUOTHPUOD-PUR-SULBIALI0D" A3 1M AleIq [BUl [UO//:SANY) SUONIPUOD PUe SIS 1 8L 88S *[6202/80/2T] UO ARiq1T8ul|uO AS|IM '4oessay [e9IPSIN UeoLyY YINos Aq ZgTOL ydu/TTTT 0T/10p/wodAe | Akeuq i putjuo yduy/:sdny Wwolj pepeojumoq ‘G *


http://gem.tropicalforests.ox.ac.uk/
https://cran.r-project.org/package=nlme
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.5281/zenodo.3482908
https://doi.org/10.5281/zenodo.3482908

201 Vet

Wilkes P, Disney M, Armston J, Bartholomeus H, Bentley L, Brede B, Burt A,
Calders K, Chavana-Bryant C, Clewley D ez al. 2023. TLS2TREES: a scalable
tree segmentation pipeline for TLS data. Methods in Ecology and Evolution 14:
3083-3099.

Wilkes P, Lau A, Disney M, Calders K, Burt A, Gonzalez de Tanago J,
Bartholomeus H, Brede B, Herold M. 2017. Data acquisition considerations
for terrestrial laser scanning of forest plots. Remote Sensing of Environment 196:
140-153.

Wood SN. 2011. Fast stable restricted maximum likelihood and marginal
likelihood estimation of semiparametric generalized linear models. Journal of
the Royal Statistical Society, Series B: Statistical Methodology 73: 3—36.

Yang Y, Zhao M, Xu X, Sun Z, Yin G, Piao S. 2014. Diurnal and seasonal
change in stem respiration of Larix principis-rupprechtii trees, Northern China.
PLoS ONE9: €89294.

Zach A, Horna V, Leuschner C. 2008. Elevational change in woody tissue CO,
efflux in a tropical mountain rain forest in southern Ecuador. Tree Physiology
28: 67-74.

Zach A, Horna V, Leuschner C, Zimmermann R. 2010. Patterns of wood
carbon dioxide efflux across a 2000-m elevation transect in an Andean moist
forest. Oecologia 162: 127-137.

Zha T, Kellomiki S, Wang K-Y, Ryyppé A, Niinistd S. 2004. Seasonal and
annual stem respiration of scots pine trees under boreal conditions. Annals of
Borany 94: 889-896.

Zweifel R, Sterck F, Braun S, Buchmann N, Eugster W, Gessler A, Hini M,
Peters RL, Walthert L, Wilhelm M et al. 2021. Why trees grow at night. New
Phytologist 231: 2174-2185.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Occupied basal area (%) by Genus of the trees sampled
and of the 1-ha study plot.

Fig. 82 Occupied basal area (%) by diameter class of the trees
sampled and of the 1-ha study plot.

Fig. §3 Diurnal temperature (°C) and relative humidity (%) over
the study period.

Fig. §4 Diagram of set-up and photographs of diel stem CO,

efflux campaign.

Fig. S5 Photographs of set-up for vertical stem CO, efflux cam-
paign.

Fig. S6 Total woody stem surface area (m?) per tree calculated by

SA, and TLS,,.

New Phytologist (2025) 246: 2004-2014
www.newphytologist.com

New
Phytologist
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