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A  major  constraint  on  modelling  woody-tissue  CO 2  efflux  is  the  scarcity  of  datasets  that  adequately  represent  its  variability

 and  underlying  drivers.  We  intensively  sampled  CO 2  efflux  along  the  vertical  profile  of  nine  temperate  broadleaf  trees  across

 three  species  and  found  substantial  longitudinal  variation.  We  partitioned  the  flux  into  growth  and  maintenance  -associated

 components;  accordingly  we  use  ‘efflux’  for  measurements  and  ‘respiration’  only  for  the  derived  components.  Expressing

 efflux  by  wood  volume,  surface  area  and  sapwood  volume  each  offered  insight  into  the  underpinning  of  the  flux.  However,

 efflux  was  most  strongly  associated  with  surface  area,  particularly  in  medium  and  large  branches,  and  across  both  growth

 and  maintenance  respiration.  In  small  branches,  where  sapwood  dominates,  this  surface  area  scaling  weakens,  suggesting

 maintenance  respiration  shifts  from  surface  area-  to  volume  -based  scaling,  while  growth  respiration  remains  associated  with

 surface  area.  Sapwood  depth,  tree  ring  width  and  the  relative  contributions  of  growth  and  maintenance  respiration  explained

 much  of  the  variation  in  efflux  ,  though  additional  biological  and  physical  factors,  such  as  CO 2  diffusion  from  sap  and  variation

 in  sapwood  parenchyma,  likely  also  contribute.  These  findings  represent  an  important  step  towards  reducing  uncertainty

 in  the  spatial  scaling  of  woody-tissue  CO 2  efflux  by  linking  within  tree  variation  in  respiration  to  underlying  anatomical  and

 growth-related  controls.
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Introduction 
Ecosystem  respiration  worldwide  emits  ∼  60  Gt  of  CO

 2  to  the
 atmosphere  annually.  The  size  of  this  flux  relative  to  photosyn-
 thetic  draw-down  equates  to  the  strength  of  the  biosphere  as  a
 carbon  sink  ( Grace  2004).  A  s  much  as  40–70%  of  this  flux  stems
 from  plant  tissue  (i.e.,  autotrophic  respiration)  which  is  itself
 governed  by  both  the  physiological  requirement  of  plant  tissue
 for  energ  y  and  by  environmental  factors  such  as  temperature,
 drought  and  soil  type  ( DeLucia  et  al.  2007,  Campioli  et  al.  2016).
 A  s  a  result  ,  respiration  varies  widely  across  time  and  space.
 Understanding  this  variation  is  critical  to  the  development  of  land
 surface  models  but  is  complicated  by  the  independent  responses
 and  physiolog  y  of  each  respiration  component  ,  i.e.,  leaf,  woody-

 tissue  and  soil  ( Cramer  et  al.  2001,  Noh  et  al.  2024).  A  s  such,
 a  mechanistic  understanding  is  needed  of  each  sub  process  of
 autotrophic  respiration  in  order  to  model  ecosystem–atmosphere
 interactions  under  future  climatic  conditions.
 

The  woody-tissue  component  accounts  for  between  5%
 and  40%  of  autotrophic  respiration  across  forested  biomes
 

( Rodríguez-Calcerrada  et  al.  2014,  Campioli  et  al.  2016,  Yang
et  al.  2016),  but  there  is  large  uncertainty  around  those  estimates
 largely  attributed  to  our  inability  to  quantify  important  scalars
 such  as  woody  surface  area  and  volume.  Woody  respiration  has
 often  been  implicated  as  a  source  of  variation  in  net  primar  y
 productivity  (NPP)  between  stands  and  seasons  ( Ryan  et  al.  1994,
 DeLucia  et  al.  2007,  Robertson  et  al.  2010,  Campioli  et  al.  2016).
 Most  commonly  measured  by  the  molecular  evolution  of  CO

 2  over
 time  using  infrared  gas  analysers  (IRGA  s)  applied  directly  to  a
 tree’s  bark  surface,  a  measure  of  the  efflux  rate  at  specific  points
 can  then  be  multiplied  by  some  metric  of  tree  structure  to  yield
 the  woody-tissue  contribution  to  ecosystem  respiration  ( Yoda
et  al.  1965).  Despite  its  importance  in  forest  carbon  dynamics,  a
 granular  understanding  of  woody-tissue  respiration  has  lagged
 that  of  other  components  such  as  leaves  and  soil  due  to  the
 functionally  diverse  physiolog  y  of  woody  tissue  and  the  difficulty
 of  characterizing  its  structure.  This  has  resulted  in  the  persistence
 of  large  estimate  uncertainties  (30–50%)  when  scaling  up  this
 flux  ( Metcalfe  et  al.  2010,  Meir  et  al.  2017).  This  study  aims  to
 address  the  biological  underpinnings  of  the  woody-flux  and  key
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uncertainties  in  scaling  woody-respiration  in  a  broadleaf  English
 forest  and  thereby  identify  potential  widespread  bias  in  ecosystem
 carbon  flux.
 

Early  studies  of  woody-tissue  respiration  demonstrated  sub  -
 stantial  variation  in  the  rate  of  efflux  between  individuals,  and
 more  recent  work  has  highlighted  vertical  variation  within  indi-
 viduals  ( Ryan  et  al.  1994,  Cavaleri  et  al.  2006,  Katayama  et  al.
2019).  However,  interpreting  these  data  is  complicated  by  the

 fact  that  CO
 2  efflux  from  bark  is  not  solely  the  result  of  the  adja-

 cent  respiring  tissues;  it  also  includes  a  variable  fraction  origi-
 nating  in  soils  and  roots,  and  that  even  the  fraction  originating
 from  woody  tissue  is  a  function  of  distinct  biological  and  envi-
 ronmental  processes  ( Chambers  et  al.  2004,  Bowman  et  al.  2005,
 Salomón  et  al.  2020).  Attempts  to  understand  these  variations
 have  often  focussed  on  the  metabolic  requirement  for  energ  y
 at  the  individual  level,  i.e.,  the  mass  of  cells  to  be  energetically
 supported,  namely  the  parenchymal  content  ,  and  the  rate  and
 energetic  cost  of  constructing  biomass  ( Meir  and  Grace  2002,  West
2020).  Such  studies  have  successfully  looked  to  sapwood  content

 (or  stem  diameter  by  proxy)  and  radial  stem  growth  to  explain
 between-tree  variation  in  terms  of  maintenance  and  growth  res  -
 piration,  respectively  ( Sprugel  and  Benecke  1991,  Lavigne  et  al.
1996).  These  parameters  also  var  y  within  individuals,  and  accord-

 ingly  variation  in  CO
 2  efflux  has  been  obser  ved  within  individu-

 als  although  no  consensus  has  been  reached  as  to  the  extent  or
 patterning  of  this  variation  ( Cavaleri  et  al.  2006,  Araki  et  al.  2010,
 Katayama  et  al.  2014,  2019,  Westerband  et  al.  2022).  Such  within-
 individual  variation  is  a  problem  for  the  validity  of  most  previous
 estimates  of  ecosystem  woody  respiration,  which  have  typically
 applied  a  singular  rate  as  measured  at  the  bottom  of  a  tree  across
 all  branch  tissue.  This  practice  could  result  in  erroneous  estimates
 if  rates  of  efflux  from  the  upper  branches  are,  on  average,  different
 from  the  basal  measurement  .
 

A  key  unsettled  issue  presented  by  moving  from  point-based
 measurements  of  CO

 2  efflux  to  whole  -tree  and  stand  estimates
 is  the  selection  of  an  appropriate  scaling  parameter.  Total  mass,
 nitrogen  content  and  crown  span  have  all  been  applied,  but  the
 most  utilized  are  surface  area,  total  volume  and  sapwood  volume
 ( Yoda  et  al.  1965,  Ryan  et  al.  1994,  Yokota  et  al.  1994,  Levy  and
Jar  vis  1998,  Stockfors  and  Linder  1998,  Mori  et  al.  2010,  Collalti
et  al.  2020,  Westerband  et  al.  2022,  Mills  et  al.  2025).  Scaling  by

 sapwood  volume  is  ostensibly  the  most  mechanistic  approach  for
 maintenance  respiration  since  sapwood  contains  the  most  living
 woody  tissue,  although  questions  persist  about  the  uniformity
 of  metabolism  and  distribution  of  parenchyma  cells  ( Spicer  and
Holbrook  2007,  Ziemińska  et  al.  2013,  Rodríguez-Calcerrada  et  al.
2015).  Furthermore,  sapwood  volume’s  utility  as  a  scalar  is  limited

 not  only  by  the  fact  that  sapwood  metabolism  is  variable  within
 an  individual  depending  on  the  parenchymal  content  therein  but
 also  by  its  reliance  on  difficult-to  -collect  data  ( Shinozaki  et  al.
1964).  Whole  -tree  tissue  volume  and  surface  area,  also  difficult  to

 measure  until  recently  ( Lau  et  al.  2018,  Malhi  et  al.  2018),  have  both
 been  used  as  scalars,  although  no  consensus  has  been  reached
 as  to  the  efficac  y  of  one  over  the  other.  Studies  report  varied
 success  between  species  and  branch  size  classes  ( Meir  and  Grace
2002,  Katayama  et  al.  2016).  This  likely  represents  physiological

 differences  in  tissue  composition.  Theor  y  dictates  that  CO
 2  efflux

 will  scale  with  surface  area  when  the  flux  originates  from  thin
 tissues  localized  close  to  the  surface  of  the  tree  (e.g.,  vascular
 cambium;  sapwood  on  branches  dominated  by  heartwood)  and
 

will  scale  with  volume  when  originating  from  tissues  spread
 evenly  throughout  the  depth  of  the  stem  or  branch  (e.g.,  sapwood
 dominated  branches,  absent  of  heartwood).  We  can  therefore
 expect  both  maintenance  and  growth  respiration  to  scale  with
 surface  area  in  trunks  and  larger  branches  provided  that  both
 sapwood  and  cambium  quantity  and  activity  remain  relatively
 constant  .  By  the  same  logic,  in  the  ver  y-small  diameter  branches
 where  heartwood  is  yet  to  develop,  we  expect  maintenance
 respiration  to  favour  volume  -based  scaling  due  to  the  presence  of
 live  tissue  throughout  the  branch  cross  -section  (for  a  schematic,
 see  Figure  S1  available  as  Supplementar  y  Data  at  Tree  Physiology
 Online  in  supplement).  However,  it  should  be  noted  that  variable
 cambial  activity  and  parenchymal  content  within  sapwood,  as
 has  previously  been  reported  for  some  species  ( Morris  et  al.  2016),
 may  potentially  obscure  or  produce  non-linear  relationships  of
 respiration  with  branch  diameter.
 

The  growth  component  of  respiration  is  a  significant  ,  albeit
 variable  fraction  of  the  woody-tissue  respiration  and  is  a  key
 source  of  uncertainty  in  models  of  NPP  and  gross  primar  y
 productivity  ( Dietze  et  al.  2014,  Jardine  et  al.  2022).  Differences
 in  growth  rates  have  long  been  used  to  explain  variation  in  rates
 and  scaling  relationships  of  CO

 2  efflux  over  time  and  between
 individual  trees  ( Rodríguez-Calcerrada  et  al.  2014,  Jardine  et  al.
2022,  Mills  et  al.  2024)  but  few  studies  have  considered  how

 this  might  var  y  between  different  points  within  trees  despite
 evidence  that  rates  of  growth  are  greater  in  branches  than
 in  stems  and  boles  ( Tar  vainen  et  al.  2014,  Han  et  al.  2017).
 Previous  work  addressing  within-tree  variation  in  growth  has
 utilized  dendrometer  bands  to  continuously  monitor  incremental
 increases  in  diameter  over  time;  however,  this  is  logistically
 difficult  and  requires  repeated  journeys  into  the  canopy  to  install
 and  collect  data  and  has  resulted  in  growth  rates  only  being
 considered  at  a  limited  number  of  locations  within  a  tree.  This  is
 problematic  because  the  application  of  these  scaling  relationships
 and  growth  rates,  as  measured  near  the  ground,  to  the  branches
 of  the  canopy  will  result  in  inaccurate  models  of  forest  carbon
 accumulation  and  exchange,  especially  given  that  the  majority  of
 a  trees  biomass  may  be  stored  in  the  branches  ( Demol  et  al.  2021).
 

In  this  study,  we  present  a  more  thorough  investigation  of
 within-tree  variation  in  rates  of  CO

 2  efflux  than  any  previous  work
 we  are  aware  of,  making  point  measurements  at  between  six  and
 eight  locations  covering  the  full  range  of  diameters  on  each  of  nine
 individual  trees  across  three  species  in  a  temperate  broadleaf  for-
 est  .  Unlike  earlier  studies  that  either  profiled  efflux  along  the  stem
 (e.g.,  Tar  vainen  et  al.  2014)  or  partitioned  growth-vs  -maintenance
 at  diameter  at  breast  height  (DBH)  ( Rodríguez-Calcerrada  et  al.
 2019),  our  dataset  combines  six  to  eight  diameters  per  tree  from
 base  to  crown,  and  matched  increment  cores  for  tree  -ring  width
 and  sapwood  depth  at  ever  y  efflux  point  allowing  us  to  investigate
 how  respiration  and  its  growth  and  maintenance  components
 var  y  across  branch  diameters.  We  also  present  data  from  a  larger
 number  of  trees  of  two  species  at  breast  height  to  broaden  our
 understanding  of  sources  of  variation  between  individuals.
 

Our  key  objectives  and  questions  are  as  follows.  (i)  How  do
 rates  of  CO

 2  efflux  from  tree  stems  and  branches  var  y  with  branch
 diameter  within  individual  trees  and  across  species?  (ii)  Which
 structural  scaling  parameter  best  captures  this  variation  and  what
 does  that  tell  us  about  ecophysiological  controls  on  respiration?
 (iii)  How  do  growth  and  maintenance  components  of  respiration
 var  y  between  and  within  individuals  and  two  species?
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Materials  and  methods  

Site  description 

Data  were  collected  at  Wytham  Woods  (1 ◦  20  W,  51 ◦  47  N),  a  semi-
 natural  research  woodland  to  the  northwest  of  Oxford  owned
 by  Oxford  University  ( Savill  et  al.  2011).  It  is  considered  a  cate  -
 gor  y  of  W8  Fraxinus  excelsior  –Acer  campestre–Mercurialis  perennis
 woodland  in  the  UK  National  Vegetation  Classification  ( Rodwell
 1998).  Mean  annual  rainfall  is  726  mm  and  is  distributed  evenly
 throughout  the  year.  The  mean  annual  temperature  is  10  ◦  C  and
 mean  annual  solar  radiation  is  118  W  m −  2  (Centre  for  ecolog  y  and
 hydrolog  y  (CEH)  and  Morecroft  et  al.  1998).  The  forest  immedi-
 ately  surrounding  the  specific  site  of  targeted  sampling  is  defined
 as  disturbed  ancient  woodland  (woodland  has  not  been  cleared
 since  at  least  the  1600s;  Peterken  and  Game  1981).  Stem  density
 in  Wytham  is  1128.2  ha −  1  ,  with  a  basal  area  of  31.6  m 2  ha −  1  .  The
 peak  leaf  area  index  was  calculated  as  7.8  m 2  m −  2  in  2008  and  the
 upper  and  lower  mean  canopy  height  is  17  and  6.9  m,  respectively.
 The  soil  texture  has  been  characterized  as:  clay  60%,  silty  clay  22%,
 clay  loam  15%,  silty  clay  loam  <5%  ( Butt  et  al.  2009,  Fenn  et  al.
 2010).
 

Sampling  was  conducted  between  June  and  August  2017,  with
 the  majority  of  measurements  made  in  July.  A  second  campaign
 constituting  1  day  of  sampling  was  conducted  in  July  2020  to
 increase  the  number  of  obser  vations  specifically  at  <5  cm  diam-
 eter.  Sampling  was  targeted  towards  the  three  most  dominant
 species  at  the  site,  Acer  pseudoplatanus  L  (sycamore),  Quercus
 robur  L  (English  oak  ,  hereafter  oak)  and  Fraxinous  excelsior  L  (Euro  -
 pean  ash,  hereafter  ash).  These  species  together  make  up  90.1%  of
 basal  stem  area  in  the  wood  due  to  their  abundance  and  large  size
 ( Butt  et  al.  2009).  Consequently,  they  are  the  predominant  sources
 of  woody  autotrophic  respiration  and  represent  important  stores
 of  carbon  in  this  ecosystem.
 

Sampling  design 

The  design  included  a  targeted  sample  of  three  individuals  each
 of  ash,  oak  and  sycamore  trees  which  were  sampled  intensively
 along  a  vertical  transect  at  six  to  eight  locations  depending  on
 tree  size.  Starting  at  1.3  m  above  the  ground,  measurements  were
 made  mid-way  between  all  major  bifurcations  following  the  most
 upright  limb  until  the  upper  canopy  was  reached.  For  the  purpose
 of  this  intensively  sampled  data  set  ,  stem  diameter  is  treated
 as  the  largest  diameter  within  a  tree,  i.e.,  the  first  measurement
 of  each  tree,  after  which  all  measurements  refer  to  branches.  A
 further  25  individuals  of  ash  and  oak  were  sampled  at  breast
 height  (1.3  m)  in  order  to  investigate  variation  of  growth  rates  and
 respiration  between  individuals  as  well  as  within  individuals.
 

Intensively  sampled  trees  were  selected  according  to  several
 criteria:  that  they  were  healthy  individuals  showing  no  obvious
 signs  of  decay;  and  that  they  were  deemed  safe  for  climbing.
 Trees  were  sampled  so  that  a  range  of  sizes  were  included  (small,
 medium,  large),  the  diameters  of  these  intensively  sampled  trees
 at  breast  height  ranged  from  49.3  to  142.6  cm  and  their  heights
 ranged  from  15  to  25  m.
 

The  intensively  sampled  trees  were  sampled  between  19  June
 and  2  July,  with  each  tree  generally  taking  a  whole  day  to  sample
 due  to  the  logistics  of  accessing  the  crown.  Measurements  were
 made  between  10  a.m.  and  5  p.m.  to  avoid  large  changes  in
 

ambient  temperature.  A  single  point  measurement  consisted  of
 quantifying  CO

 2  efflux  from  the  surface  of  stems  and  branches
 using  an  IRGA  subsequently  collecting  a  wood-core  from  same
 tissue  to  which  the  IRGA  was  applied.  Alongside  these,  air  and
 stem  temperature  below  the  cambium  was  recorded  using  a
 copper-constantan  thermocouple  and  the  diameter  of  the  limb
 was  recorded.
 

For  diameters  and  corresponding  heights  and  temperatures,
 see  Table  S1  available  as  Supplementar  y  Data  at  Tree  Physiology
 Online.
 

Quantifying  CO
 2  efflux 

An  IRGA  (EGM-4  and  SRC-1  soil  chamber,  PP  Systems,  Hitchin,
 UK)  was  employed  to  quantify  CO

 2  efflux  directly  from  the  bark
 ( Marthews  et  al.  2014).  This  IRGA  fits  readily  over  a  105  mm  wide,
 50  mm  deep  PVC  collar.  For  the  larger  branches  and  stems,  this
 collar  was  easily  fit  to  the  wood  with  a  commercially  available
 putty  (Plumbers  Mait  ,  Bostik  Ltd,  UK)  to  achieve  an  air-tight  seal.
 The  putty  was  tested  for  outgassing.  For  smaller  branches  and
 stems,  a  collar  with  a  reduced  diameter  was  required  to  achieve  a
 closed  seal  between  the  IRGA  and  tree.  For  this  a  modified  plastic
 funnel,  fit  with  a  small  fan  to  ensure  adequate  air  mixing  and
 a  pipe  joiner  that  matched  to  a  4.6  mm  diameter  PVC  pipe  was
 sealed  to  the  tree  in  the  same  way  as  the  larger  collar.  The  smallest
 branches  (<50  mm  diameter)  of  the  upper  canopy  were  excised  for
 measurement  after  the  ends  had  been  sealed  with  cling  film  and
 electrical  tape  to  avoid  enhanced  CO

 2  diffusive  loss  through  the
 cut  ends  and  then  placed  in  a  chamber  built  from  a  400  mm  long,
 105  mm  diameter  pipe  fit  with  a  fan  to  ensure  adequate  air  mixing.
 

The  effect  of  temperature  variation  on  CO
 2  efflux  was  com-

 pensated  for  by  measuring  sapwood  temperature  with  a  K-type
 thermocouple  inserted  into  the  sapwood  via  a  slit  created  by  a
 pocketknife.  The  well-described  effects  of  temperature  on  CO

 2

 efflux  were  accounted  for  by  normalizing  rates  to  23  ◦  C,  the  aver-
 age  daytime  sapwood  temperature  during  the  period  of  study
 using  a  Q

 10  correction  factor  of  2,  which  is  the  most  common
 Q

 10  value  prescribed  to  woody  tissue  in  the  literature  ( Ryan  1991,
 Meir  and  Grace  2002,  Wang  et  al.  2006.  Furthermore,  given  that
 the  effect  of  temperature  on  metabolic  rates  can  exhibit  a  lag  of
 some  hours  ( Ryan  et  al.  1995,  Salomón  et  al.  2024),  sampling  was
 conducted  between  10  a.m.  and  5  p.m.  to  avoid  large  variations  in
 temperature.
 

Wood  core  collection  and  analysis  

After  respiration  measurements,  increment  cores  were  collected
 from  the  stem  or  branch  section  using  a  5  mm  increment  borer
 (Haglöf,  Sweden).  These  samples  were  drawn  from  the  exact  same
 location  as  the  corresponding  measurement  of  respiration.  The
 borer  was  inserted  into  the  tree  roughly  90 ◦  to  the  stem  or  branch
 with  a  slight  upward  angle  to  prevent  water  ingression  into  the
 bore  hole,  thus  minimizing  the  risk  of  fungal  tree  infection.  Where
 trees  were  leaning  on  an  angle,  samples  were  taken  at  90 ◦  to  the
 direction  of  the  lean  to  avoid  sampling  errors  from  reaction  wood.
 

Sapwood  and  heartwood  have  diverse  characteristics  across
 species  and  cannot  be  demarcated  by  one  single  method.  This  was
 a  persistent  problem  throughout  this  study  and  in  sycamore  we
 were  unable  to  find  an  effective  method.  In  the  case  of  most  oak
 samples,  the  sapwood  and  heartwood  were  delineated  by  visible
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colour  change,  and  where  the  boundar  y  was  not  clear,  methyl
 orange  indicator  solution  was  painted  onto  the  wood  cores.  This
 turned  the  heartwood  a  deep  red  colour  and  left  the  sapwood
 orange  owing  to  differences  in  acidity;  oak  heartwood  has  a  lower
 pH  than  its  sapwood  due  to  higher  a  concentration  of  phenol
 groups  ( Miranda  et  al.  2017).  In  ash,  heartwood  was  distinguished
 from  sapwood  based  upon  the  abundance  of  tyloses  in  occluded
 xylem  vessels;  a  process  that  occurs  as  sapwood  is  converted  to
 heartwood  in  order  to  prevent  the  transport  of  pathogens  via
 water  flow  throughout  the  heartwood  ( Chattaway  1952).  Vanillin
 and  iodine,  used  to  detect  starch  in  live  cells,  were  ineffective  in
 all  three  species.
 

Dendroecolog  y  and  the  study  of  ring  widths  can  be  used  to
 gauge  annual  variation  in  growth  rates  in  so  called  ring  porous
 species  which  have  considerably  larger  vessels  in  early  wood  com-
 pared  with  late  wood  of  the  same  season  ( Amoroso  et  al.  2017).
 Wood  cores  were  photographed  next  to  a  ruler  and  measured
 digitally  using  ImageJ  software  ( Schneider  et  al.  2012)  for  cores
 from  oak  and  ash  but  in  the  case  of  sycamore,  which  is  a  ring
 diffuse  species  with  no  obvious  ring  development  ,  we  attempted
 the  measurement  but  found  that  it  was  not  possible.
 

Dendrometer  data  and  analysis  

Dendrometer  data  are  described  in  Butt  et  al.  (2009).  In  order  to
 scale  growth  rates  across  seasons,  dendrometer  data  were  used  to
 provide  a  measure  of  the  seasonality  of  woody-tissue  growth.  Sea-
 sonality  was  modelled  on  a  species  -specific  basis  and  combined
 with  the  absolute  growth  rates  of  individual  trees,  as  measured
 by  ring  widths  and  diameter  increases  between  censuses.  This
 provided  a  measure  of  both  the  amount  and  seasonality  of  woody-

 tissue  accumulation  in  our  sample.
 

Data  analysis  

The  relationship  between  branch  and  stem  diameter
 and  CO

 2  efflux 

Data  analysis  and  visualization  was  conducted  in  R  ( R  Core  Team
 2023).
 

Temperature  compensated  CO
 2  efflux  was  expressed  as  a  func-

 tion  of  three  scalars:  (i)  woody  surface  area,  (ii)  wood  volume
 subtending  the  measurement  (approximated  as  the  volume  of  a
 cone  with  a  base  equal  to  measurement  area  and  height  equal  to
 branch  or  stem  radius)  and  (iii)  sapwood  volume  (approximated  as
 the  volume  of  a  truncated  cone).  The  goal  was  to  explain  as  much
 variation  in  CO

 2  efflux  as  possible  using  parameters  extractable
 from  TLS  -derived  quantitative  structural  models  ( Raumonen  et  al.
2013)  as  this  is  the  best  option  for  scaling  in  the  near  future  ( Meir

 et  al.  2018).
 

Using  linear-mixed  models  (R  package  lme4;  Bates  et  al.  2015)
 and  generalized  additive  models  (GAMs;  R  package  mgc  v  ;  Wood
2017),  CO

 2  efflux  per  volume  and  bark  surface  area  was  modelled
 as  a  function  of  branch  diameter  to  investigate  the  explanator  y
 capacity  of  each.  Branch  height  was  also  investigated  but  was
 non-predictive,  even  as  a  component  of  mixed  regression  models.
 GAM  smoothing  functions  were  selected  by  restricted  maximum
 likelihood  using  Gaussian  family  error  structures.  The  number  of
 basis  functions  included  was  determined  by  selecting  for  mod-
 els  based  upon  the  variance  explained  and  Akaike  Information
 Criterion  (AIC)  values.  Model  residuals  were  tested  against  a  null
 

distribution  and  visualized  to  ensure  that  they  were  randomly
 distributed  as  per  the  assumptions  of  the  model.
 

The  existence  of  a  scaling  relationship  of  respiration  with
 surface  area  and  volume  can  be  tested  by  expressing  the
 temperature  -corrected  flux  both  by  the  area  (Rt area

 )  and  the
 volume  (Rt vol

 )  subtending  the  measurement  and  obser  ving  its
 relationship  with  branch  diameter  ( Levy  and  Jar  vis  1998).  If  a
 perfect  scaling  relationship  with  surface  area  holds,  then  Rt area

 (i.e.,  the  flux  divided  by  the  sampled  area),  will  be  constant  across
 branch  diameters  because  whilst  the  volume  of  tissue  subtended
 is  changing,  the  surface  area  is  not  .  Furthermore,  if  area  scaling
 holds  then  Rt vol

 (i.e.,  the  flux  divided  by  volume  subtended)
 should  exhibit  a  strong  negative  response  to  increasing  branch
 diameter  with  rates  of  efflux  being  highest  in  the  smallest  diameter
 branches  where  surface  area-to  -volume  subtended  ratios  are
 greatest  ,  and  lowest  in  the  largest  diameter  branches  where
 surface  area-to  -volume  subtended  ratios  are  lowest  .  Conversely,
 if  the  flux  scales  perfectly  with  branch  volume,  then  Rt area

 should
 increase  linearly  with  branch  diameter  as  the  volume  of  respiring
 tissue  increases  but  the  area  measured  remains  constant  .
 Additionally,  if  volume  -based  scaling  holds,  then  Rt vol

 should  yield
 no  relationship  with  diameter  because  as  volume  increases  any
 effect  is  negated  by  dividing  the  flux  by  the  increasing  subtended
 volume.
 

Separating  growth  and  maintenance

 respiration 

Two  methods  were  applied  to  calculate  the  relative  contributions
 of  growth  and  maintenance  respiration  as  per  the  methods  of  Meir
and  Grace  (2002).  Both  methods  assumed  our  measured  fluxes

 to  be  a  combination  of  both  growth  and  maintenance  respira-
 tion  and  aimed  to  determine  the  relative  contributions  of  each
 component  by  calculating  one  and  subtracting  it  from  the  total
 to  leave  the  other  component  .  Woody-tissue  growth  is  known  to
 primarily  occur  by  the  division  of  cambial  cells,  the  cambium  being
 a  laminar  tissue  that  is  generally  only  two  cells  thick  .  Therefore,
 in  calculating  the  growth  fraction,  fluxes  were  expressed  by  area
 even  if  maintenance  respiration  was  subsequently  expressed  by
 volume.
 

The  first  method  (the  construction  cost  method)  involved  cal-
 culating  the  metabolic  cost  in  grams  of  CO

 2  of  constructing  new
 woody  tissue  directly  under  the  IRGA  measurement  for  each  indi-
 vidual  tree  and  considering  this  to  be  the  annual  growth  flux.
 This  was  then  subtracted  from  the  total  flux  to  yield  individual
 maintenance  respiration.  The  metabolic  cost  of  wood  in  grams  of
 CO

 2  was  empirically  derived  by  Penning  De  Vries  (1975)  as  0.43  g
 CO

 2  per  gram  new  wood  mass.  Using  the  incremental  increase  in
 diameter  over  6  years  the  volume  of  wood  grown  under  the  IRGA
 measurement  was  calculated  for  each  individual  and  scaled  by  a
 species  -specific  seasonal  growth  cur  ve  to  provide  the  incremental
 increase  in  the  month  CO

 2  efflux  was  measured.  This  volumetric
 increase,  multiplied  by  the  species  -specific  gravity  of  wood,  pro  -
 vides  the  mass  of  new  wood  at  each  measurement  .  Multiplying
 values  for  new  wood  mass  by  0.43  therefore  yields  the  amount  of
 CO

 2  expended  growing  woody  tissue  and  provides  the  instanta-
 neous  growth  flux  in  grams  of  CO

 2  .
 

A  second  method  (the  regression-based  method)  was  applied  to
 validate  the  above  approach.  In  regressing  the  total  measured  flux
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against  volumetric  increase  of  woody  tissue  beneath  the  IRGA  col-
 lar  (as  calculated  for  the  construction  cost  method)  on  a  species  -
 specific  basis,  the  y  intercept  of  the  model  can  be  considered
 the  sample  average  rate  of  efflux  at  zero  growth,  i.e.,  the  sample
 average  maintenance  respiration.  Average  maintenance  respira-
 tion  was  represented  as  a  fraction  of  total  respiration  and  the
 difference  between  the  two  was  considered  the  fraction  of  growth
 respiration.
 

Inter-annual  and  intra-annual  variation  in

 growth  rates 

The  growth  rate  of  trees  in  Wytham  Wood  is  known  to  var  y
 seasonally  and  between  species  ( Fenn  et  al.  2010).  Having  been
 measured  in  two  subsequent  censuses  the  absolute  amount
 of  growth  over  6  years  was  known  for  each  tree  on  which
 CO

 2  efflux  was  measured.  In  order  to  separate  the  growth  and
 maintenance  fractions  of  respiration  as  per  the  above  methods,
 the  instantaneous  rate  of  growth  at  the  time  CO

 2  efflux  was
 measured  was  needed.  This  was  derived  by  developing  species
 specific  growth  cur  ves  for  each  year  between  2011  and  2017
 ( Figure  S2  available  as  Supplementar  y  Data  at  Tree  Physiology
 Online  in  supplement)  and  scaling  tree  specific  total  tree  growth
 by  these  cur  ves  to  calculate  the  individual  specific  growth  rate  in
 June  2017—when  CO

 2  efflux  was  measured.
 

Species  -specific  growth  cur  ves  were  developed  using  monthly
 diameter  measurements  made  by  dendrometer  data  for  350  and
 133  individuals  of  ash  and  oak  ,  respectively,  over  the  duration  of
 the  growing  season.  To  these  data,  sigmoidal  cur  ves  were  fit  that
 represented  the  cumulative  growth  of  each  individual  tree  on  a
 yearly  basis  from  2011  to  2017.  These  sigmoidal  cur  ves  were  then
 converted  to  monthly  changes  in  diameter,  essentially  providing
 the  seasonal  growth  cur  ve  of  each  individual  tree.  These  were  then
 pooled  by  species  and  fit  with  GAM  splines  to  provide  the  species
 average  seasonal  growth  cur  ve.  These  cur  ves  were  then  used  to
 scale  the  specific  tree  growth  over  6  years  to  the  rate  of  growth  in
 June  2017  by  dividing  total  increment  increase  by  the  area  under
 all  growth  cur  ves  and  multiplying  the  product  by  the  growth  rate
 in  June  2017.
 

Because  dendrometer  data  were  not  available  for  some  of  the
 specific  trees  on  which  we  measured  CO

 2  efflux  ,  a  separate  sam-
 ple  of  the  same  species  from  within  Wytham  Wood  was  used.  In
 order  to  assess  whether  the  two  samples  followed  similar  growth
 patterns,  the  average  annual  growth  rates  as  measured  by  den-
 drometers  were  regressed  against  average  ring  widths  from  the
 respiration  trees  for  the  corresponding  year.  This  allowed  us  to
 assess  the  extent  to  which  the  two  growth-estimation  approaches
 produced  comparable  results.
 

Diameter-dependent  variation  of  growth

 rate 

Using  linear  and  GAMs  (R  package  mgc  v  ;  Wood  2017)  average
 ring  width  was  modelled  as  a  function  of  branch  diameter  in
 ash  and  oak  .  Because  cores  were  extracted  mid-growing  season
 and  the  first  ring  often  separated  from  the  underside  of  the  bark
 during  extraction,  likely  resulting  in  un-quantified  damage  to  an
 already  exceedingly  small  and  difficult  to  measure  growth  ring,
 the  outermost  ring  was  excluded  from  the  dataset  .  For  this  rea-
 son,  when  investigating  the  diameter  dependence  of  variation  in
 

growth  rates,  the  mean  of  six  ring  widths  was  used.  Furthermore,
 in  scaling  the  growth  and  maintenance  component  of  respiration
 across  branch  diameters  within  trees,  the  difference  of  mean  ring
 width  relative  to  mean  DBH  ring  width  was  used.
 

Results 

Diameter-dependent  variation  of

 respiration 

Mean  measured  CO
 2  efflux  from  woody  tissue  across  all  nine

 intensively  sampled  individuals  was  3.71  ±  2.20  μ mol  m −  2  s −  1
 and  ranged  from  0.75  to  8.83  μ mol  m −  2  s −  1  .  Over  the  period
 of  study,  mean  sapwood  temperature  was  22.06  ±  3.10  ◦  C,
 whilst  mean  air  temperature  was  21.10  ±  2.06  ◦  C.  Sapwood
 and  air  temperature  were  highly  correlated,  though  sapwood
 temperatures  were  generally  1–2  ◦  C  warmer  ( Figure  1B).  Using
 ordinar  y  least  squares  regression  (OLS)  on  pooled  data,  a
 significant  effect  of  stem  temperature  on  raw  CO

 2  efflux  was  found
 (y  =  − 609.67  +  32.19  x  ,  se  =  136.96,  r  2  =  0.23,  P  <  0.001).  However,
 after  normalizing  these  data  to  a  reference  diameter  and  growth
 rate  (the  median  of  the  sample),  this  temperature  effect  was  no
 longer  apparent  .  Rates  of  efflux  were  therefore  normalized  to  the
 average  stem  temperature  (Rt)  during  the  period  of  study,  using
 literature  values  for  Q

 10  (see  Materials  and  methods).  The  mean
 diameter  of  sampled  stems  and  branches  was  38.56  ±  30  cm  and
 ranged  from  3.69  to  142.61  cm  ( Figure  2  and  3).
 

A  combined  GAM  model  ( Table  S2d  available  as  Supplementar  y
 Data  at  Tree  Physiology  Online)  including  all  three  species
 indicated  that  ,  after  controlling  for  diameter  effects,  ash  trees
 had  significantly  higher  rates  of  CO

 2  efflux  than  did  sycamore
 and  oak  both  when  expressed  by  volume  ( vol

 )  and  by  area  ( area
 )

 subtending  the  measurement  ( Tables  S2d  and  S3d  available
 as  Supplementar  y  Data  at  Tree  Physiology  Online).  Species  -
 specific  GAMs  of  CO

 2  efflux  as  a  function  of  branch  diameter  were
 significant  for  all  species  ( Figure  2);  however,  models  of  Rt vol

 were
 more  predictive  than  Rt area

 ,  with  Rt vol
 explaining  71.1%,  59.1%

 and  65.1%  as  opposed  to  50.4%,  52.7%  and  46.5%  by  Rt area
 for

 ash,  oak  and  sycamore,  respectively  ( Tables  S2  and  S3  available
 as  Supplementar  y  Data  at  Tree  Physiology  Online).  Furthermore,
 the  direction  of  the  effect  on  CO

 2  efflux  differed  between  the
 two  scalars.  Expressing  CO

 2  efflux  by  the  volume  of  all  tissue
 subtending  the  measurement  (Rt vol

 ,  Figure  2A),  a  strong  negative
 effect  of  branch  diameter  was  found  with  smaller  diameter
 branches  having  higher  rates  of  efflux  relative  to  their  volume  than
 their  larger  counterparts.  In  contrast  ,  Rt area

 (  Figure  2B)  exhibited
 a  positive  effect  of  diameter  on  efflux  over  samples  <20  cm
 diameter,  followed  by  a  plateau.
 

A  combined  GAM  including  both  ash  and  oak  found  that  after
 controlling  for  diameter  effects,  the  growth  rate  of  ash,  as  mea-
 sured  by  ring  width,  was  significantly  higher  than  that  of  oak
 ( Figure  3A  and  Table  S4a  available  as  Supplementar  y  Data  at  Tree
 Physiology  Online).  The  GAM  models  of  both  ash  and  oak  indi-
 cated  that  ring  width  was  significantly  related  to  branch  diameter
 (deviance  explained  by  diameter  :  ash  =  88%,  oak  =  79%).  The
 smallest  ring  widths  were  obser  ved  at  the  smallest  diameters  and
 increased  quickly  over  diameters  of  3–20  cm  before  decreasing
 steadily  in  the  medium  and  larger  diameter  branches.
 

An  ordinar  y  least  squares  regression  demonstrated  that
 mean  ring  width  was  significantly  and  linearly  related  to  Rt area
 

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpag060#supplementary-data
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Figure  1  (A)  The  effect  of  stem  temperature  as  measured  below  the  cambium  on  woody-tissue  CO
 2  efflux  from  bark  (r  2  =  0.24,  P  <  0.000).  Data  are  pooled

 across  nine  trees  (three  per  species)  and  include  measurements  from  both  stems  and  branches.  (B)  The  relationship  of  sapwood and  air  temperature
 over  the  period  of  study  (r  2  =  0.85,  P  <  0.001).  Black  line  =  1:1.  

Figure  2  Relationships  between  branch  diameter  and  woody-tissue
 respiration  expressed  per  unit  volume  (Rt vol

 ;  A)  and  per  unit  surface  area
 (Rt area

 ;  B)  in  ash,  oak  and  sycamore  (n  =  9  trees,  3  per  species).  Data
 include  measurements  from  stems  and  branches  spanning  the  full
 vertical  profile  from  the  stem  base  (1.3  m)  to  the  canopy.  Lines  show
 species  -specific  GAM  smooths  fitted  to  the  data.  

( Figure  3B).  This  relationship  held  for  both  ash  and  oak  with
 no  difference  in  the  slope  or  intercept  of  the  effect  detected
 (y  =  0.79  +  16.35  x  ,  r  2  =  0.65,  P  >  0.001;  y  =  0.79  +  16.21  x  ,  r  2  =  0.43,
 P  <  0.001,  ash  and  oak  ,  respectively).
 

Sapwood  depth  was  linearly  related  to  diameter  in  ash
 (y  =  1.23  +  0.07  x  ,  r  2  =  0.41,  P  <  0.001)  but  in  oak  required  GAM
 modelling  to  characterize  the  relationship  (deviance  explained  by
 smooth  of  diameter  =  43%,  Table  S5  available  as  Supplementar  y
 Data  at  Tree  Physiology  Online),  which  increased  with  diameter  up
 to  ∼30  cm  before  plateauing  and  decreasing  slightly  in  the  larger
 diameter  branches  ( Figure  3C).  Ordinar  y  least  squares  regression
 revealed  that  sapwood  depth  underlying  the  measurement  had  a
 significant  positive  effect  on  Rt area

 in  both  ash  (y  =  3.33  +  0.36  x  ,
 r  2  =  0.22,  P  =  0.006)  and  oak  (y  =  0.93  +  0.45  x  ,  r  2  =  0.53,  P  <  0.001),
 with  deeper  sapwood  resulting  in  larger  fluxes  ( Figure  3D).
 

Seasonal  variation  in  growth  rates:

 Dendrometer  and  ring  data 

Modelling  monthly  change  in  incremental  increase  of  diameters
 at  breast  height  we  see  that  ash  trees  on  average  have  a  more
 intense  growing  season,  with  greater  diameter  increases  obser  ved
 at  the  peak  of  growing  compared  with  oak  .  However,  we  also
 obser  ve  that  the  length  of  the  growing  season  is  longer  in  oak
 in  comparison  with  ash  and  that  in  both  species  we  see  some
 inter-annual  variation  with  regards  to  the  month  in  which  growth
 rates  peak  ( Figure  S3  available  as  Supplementar  y  Data  at  Tree
 Physiology  Online).  We  also  find  that  the  tree  growth,  as  measured
 by  ring  width  and  dendrometer  bands,  follows  the  same  general
 inter-annual  variation  in  total  growth.  Furthermore,  we  find  that
 the  average  growth  as  measured  by  dendrometer  bands  can  be
 used  to  predict  the  average  growth  of  the  sample  as  measured
 by  ring  width  ( Figure  S4  available  as  Supplementar  y  Data  at  Tree
 Physiology  Online,  y  =  2.45  +  0.25  x  ,  r  2  =  0.88,  P  <  0.01),  with  the
 intercept  of  oak  being  significantly  lower  than  the  model  aver-
 age  ( − 1.32,  P  =  0.01),  albeit  with  no  significant  difference  in  the
 slope.
 

The  construction-cost  and  regression  method  yielded  broadly
 similar  results  for  the  average  relative  contribution  of  the  growth
 and  maintenance  components  of  respiration  ( Table  1).  Both  agree
 that  on  an  annual  basis  the  maintenance  component  dominates
 the  flux  in  both  species.  In  June,  however,  when  growth  rates  are
 high,  growth  accounts  for  a  much  larger  proportion  of  the  flux  ,
 ∼  30–40%  in  oak  and  ∼48–66%  in  ash,  reflecting  the  fact  that  27%
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Figure  3  (A)  Mean  ring  width  in  relation  to  branch  diameter  in  oak  and
 ash,  with  GAM  smooths  fitted  to  the  data.  (B)  The  relationship  between
 Rt area

 and  mean  ring  width  in  ash  and  oak  .  (C)  The  relationship  between
 sapwood  depth  and  branch  diameter  in  ash  and  oak  .  (D)  The  relationship
 between  Rt area

 and  sapwood  depth  in  ash  and  oak  (n  =  6  trees,  3  per
 species).  

and  36%  of  annual  growth  is  achieved  in  this  month  for  oak  and
 ash,  respectively.
 

Diameter-dependence  of  the  growth  and

 maintenance  components  of  respiration 

Rates  of  Rtm  and  Rtg  (temperature  compensated  maintenance
 and  growth  respiration,  respectively)  generally  followed  the  same
 scalar-specific  trends  with  branch  diameter  as  obser  ved  in  com-
 bined  CO

 2  efflux.  Rtm vol
 and  Rtg vol

 were  lowest  in  larger  diame  -
 ter  branches  and  highest  in  smaller  diameter  branches  ( Figure  4;
 Rtm vol

 deviance  explained  by  diameter  ;  oak  =  49%,  ash  =  71%.
 Rtg vol

 ,  deviance  explained  by  diameter  ;  oak  =  69%,  ash  =  61%).
 Similarly,  Rtm area

 and  Rtg area
 were  lowest  in  the  smallest  diameter

 branches,  increasing  with  diameter  before  plateauing  at  ∼20  cm
 diameter  and  declining  slightly  in  the  largest  diameter  branches
 ( Figure  5;  Rtm area

 deviance  explained  by  diameter  ;  oak  =  33%,
 ash  =  30%.  Rtg area

 ;  oak  =  68%,  ash  =  45%).  Furthermore,  a  com-
 bined  species  GAMs  indicated  that  both  the  Rtm  and  Rtg  were
 higher  in  ash  than  in  oak  regardless  of  whether  volume  or  area
 scaling  was  used  ( Tables  S6  and  S7  available  as  Supplementar  y
 Data  at  Tree  Physiology  Online).
 

Rtm area
 was  significantly  and  linearly  related  to  sapwood  depth

 in  both  ash  ( Figure  6A;  y  =  2.82  +  0.437  x  ,  se  =  0.15,  r  2  =  0.31,
 P  =  0.010 ∗  )  and  oak  (y  =  0.868  +  0.411  x  ,  se  =  0.08,  r  2  =  0.47,
 P  =  <  0.000).  Maintenance  respiration  expressed  by  the  volume
 of  sapwood  subtending  the  measurement  (Rtm sap-vol

 )  was  signif-
 icantly  related  to  branch  diameter  in  ash  (y  =  30.1.62–22.34  x  ,
 se  =  7.65,  r  2  =  0.31,  P  =  0.010)  but  not  in  oak  ( Figure  6B).
 

In  oak  but  not  ash,  ring  width  was  significantly  related  to  sap  -
 wood  depth  by  OLS  regression  (y  =  4.78  +  2.799  x  ,  se  =  0.594,
 r  2  =  0.45,  P  =  <  0.001)  with  branches  with  greater  ring  width  having
 deeper  sapwood  on  average  ( Figure  7).
 

Discussion 

Diameter-dependent  variation  of

 respiration 

Woody-tissue  respiration  rates  var  y  substantially  within  individ-
 uals  and  across  branch  diameters,  consistent  with  prior  findings
 ( Damesin  et  al.  2002,  Cavaleri  et  al.  2006,  McGuire  et  al.  2007).
 Both  surface  area  and  volume  significantly  predict  respiration,  but
 yield  contrasting  flux  patterns:  Rt area

 peaks  in  medium-to  -large
 branches  ( Figure  2B),  whereas  Rt vol

 is  highest  in  small-diameter
 branches  and  declines  asymptotically  with  increasing  diameter
 ( Figure  2A),  in  line  with  patterns  obser  ved  in  Fagus  sylvatica
 ( Damesin  et  al.  2002).
 

Although  both  metrics  are  informative,  Rt vol
 provides  more

 robust  empirical  models,  explaining  greater  variation  in  con-
 junction  with  branch  diameter  than  Rt area

 ( Figures  2A  and  4B).
 This  suggests  that  respiration  is  largely  surface  -associated,  with
 high  Rt vol

 values  where  surface  -to  -volume  ratios  are  greatest  .
 However,  in  branches  <5  cm,  elevated  variability  in  Rt vol

 implies
 a  diminished  association  with  surface  area,  indicating  a  greater
 role  for  volume  -based  flux.  The  rise  in  Rt area

 up  to  ∼10–20  cm
 diameter  suggests  initial  volume  -scaling  of  respiration,  plateauing
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Table  1  Growth  and  maintenance  components  of  respiration  (using  data  at  DBH  only).  Species  average  growth  and  maintenance  respiration  as  calculated
 using  both  the  regression  and  construction  methods  presented  for  June  and  per  annum  (p.a.).
 

Percentage  share  of  total  respiration 

Growth  (%) Growth  95%  CI Maint.  (%) Maint.  95%  CI se  (%) Period  

Method:  regression 

Oak   9.25  − 39.23,  47.65  90.75  52.35,  139.23  24.83  p.a. 

Oak  30.50  − 0.1798,  0.6890  69.50  0.3110,  1.1798  24.83  June  

A  sh  15.18  − 18.61,  56.58  84.82  43.42,  118.61  16.30  p.a. 

A  sh  66.30  0.3251,  1.0770  33.70  − 0.0770,  0.6749  16.30  June  

Method:  construction  

Oak  11.75  6.92,  18.67  88.25  80.27,  92.69   9.93  p.a. 

Oak  39.78  23.40,  63.19  60.22  36.81,  76.60  33.62  June  

A  sh  11.52  9.24,  12.74  88.48  86.58,  90.27   4.63  p.a. 

A  sh  48.47  40.33,  55.62  51.53  44.38,  59.67  14.70  June  

Figure  4  Diameter-related  variation  in  growth  (Rtg  vol
 ;  A)  and  maintenance  (Rtm  vol

 ;  B)  respiration  expressed  per  unit  volume  in  three  trees  each  of  oak
 and  ash.  The  GAM  smooths  indicate  that  diameter  explains  a  substantial  proportion  of  variation  in  both  components  but  is  more  predictive  in  ash  (see
 Table  S6  available  as  Supplementar  y  Data  at  Tree  Physiology  Online).  

as  sapwood  volume  ceases  to  increase  proportionally  with  total
 volume  and  thus  marking  a  shift  to  surface  area  scaling.  This
 variation  in  scaling  reflects  underlying  anatomical  changes:  larger
 branches  contain  substantial  non-respiring  heartwood,  while
 respiring  tissues  (sapwood,  cambium)  form  a  thin  surface  layer.
 In  smaller  branches,  where  sapwood  dominates,  maintenance
 respiration  aligns  more  closely  with  volume.  Nonetheless,  area-
 scaling  persists  to  some  extent  due  to  the  cambium’s  proximity  to
 the  surface,  as  growth  respiration  remains  localized  to  this  thin,
 active  tissue  layer. 

Respiration,  sapwood  content  and

 ring-width 

Sapwood  content  is  a  known  determinant  of  maintenance
 respiration.  In  our  study,  sapwood  depth  showed  predictive
 power  for  CO 2  efflux  ,  particularly  when  the  growth  component
 

was  excluded,  improving  model  performance  in  ash  but  not
 in  oak  ( Figures  3D  and  6A).  However,  scaling  respiration  by
 sapwood  volume  (Rt sap-vol

 )  is  challenging  due  to  measurement
 difficulty  and  its  variation  with  branch  diameter  ( Figure  3C).  We
 also  obser  ve  distinct  species  -specific  sapwood  development  :
 ash  exhibits  substantially  deeper  sapwood  in  large  branches
 than  oak  ,  reflecting  divergent  ecological  strategies.  Greater
 sapwood  content  in  ash  likely  enhances  water  transport  and
 supports  higher  photosynthetic  and  growth  rates  during  the
 growing  season.  This  relationship  may  explain  the  positive
 association  between  sapwood  depth  and  ring  width  in  oak
 ( Figure  7),  underscoring  the  importance  of  ecological  strateg  y
 and  associated  physiolog  y  in  shaping  flux  scaling.
 

While  growth  metabolism  is  known  to  drive  temporal  and  inter-
 individual  variation  in  respiration,  few  studies  have  examined  the
 impact  of  intra-individual  growth  variation  on  CO 2  efflux.  We  find
 that  Rt area

 correlates  strongly  with  ring  width  both  within  and
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Figure  5  (A)  Diameter-dependent  variation  of  maintenance  respiration  expressed  per  unit  area  (Rtm  area
 ).  (B)  Diameter-dependent  variation  of  growth

 respiration  per  unit  area  (Rtg  area
 ).  Data  are  for  3  trees  each  of  ash  and  oak  ,  lines  show  GAM  smooths  fitted  to  the  data  (see  Table  S7  available  as

 Supplementar  y  Data  at  Tree  Physiology  Online).  

Figure  6  (A)  Maintenance  respiration  expressed  per  unit  surface  area  (Rtm  area
 )  scaled  to  June,  in  relation  to  sapwood  depth  in  ash  and  oak  .

 (B)  Maintenance  respiration  expressed  per  unit  sapwood  volume  (Rtm  sap-vol
 )  in  relation  to  branch  diameter  in  ash  and  oak  .  

Figure  7  Sapwood  depth  as  a  function  of  the  average  of  seven  ring  widths
 from  one  core,  data  here  pertain  to  the  vertical  sample.  The  OLS
 regression  slope  is  significant  for  oak  but  not  for  ash.  

between  individuals  of  ash  and  oak  ( Figure  3B).  Ring  width  was
 lowest  in  small  branches  and  highest  around  20  cm  diameter,  with
 increases  more  pronounced  in  ash,  producing  a  greater  difference
 

in  average  ring  width  between  small  and  medium  branches  com-
 pared  with  oak  ( Figure  3A).  This  pattern  of  growth  and  its  species  -
 specific  expression  is  highly  relevant  for  future  studies  of  carbon
 accumulation  in  temperate  forests.  Our  findings  align  with  Han
et  al.  (2017)  and  Tar  vainen  et  al.  (2014),  who  obser  ved  vertical

 gradients  in  temperature  -compensated  respiration  in  Styphnolo  -
 bium  japonicum  and  Picea  abies,  explained  by  greater  diameter
 increments  at  higher  stem  positions.  Han  et  al.  (2017)  reported
 daily  diameter  increments  at  3.7  m  that  were  twice  those  at  1.3  m,
 comparable  to  our  own  obser  vations  over  similar  height  ranges.
 

Diameter-dependent  variation  of  growth

 and  maintenance  respiration 

Estimates  of  mean  growth  and  maintenance  respiration  derived
 from  regression  and  the  metabolic  cost  of  growth  were  broadly
 consistent  across  methods  and  species  ( Table  1),  and  agree
 with  previous  studies  ( Damesin  et  al.  2002,  Meir  and  Grace

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpag060#supplementary-data
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2002,  Rodríguez-Calcerrada  et  al.  2019).  However,  both  methods
 diverged  with  regard  to  the  width  of  their  confidence  inter  vals.
 Whilst  the  construction-cost  method  yielded  only  moderate,
 biologically  plausible  uncertainty,  the  regression  method
 produced  highly  uncertain  estimates,  with  confidence  inter  vals
 extending  below  zero  or  above  100%,  reflecting  the  uncertainty
 in  the  regression  slope  resulting  from  variation  in  growth  rates
 and  CO

 2  efflux  in  our  sample.  Similarly,  these  wide  confidence
 inter  vals  reflect  the  fact  that  these  annual  and  seasonal  estimates
 incorporate  uncertainty  from  the  temperature  normalization
 (Q 1  0  ),  dendrometer-based  growth  scaling,  and  model  residual
 variance  and  should  be  interpreted  as  illustrative  up  -scales  for
 these  stands  in  2017.
 

Both  approaches  show  a  larger  contribution  of  growth
 respiration  in  ash,  consistent  with  its  higher  growth  rates  during
 the  study  period  (June–July).  Maintenance  respiration  per  unit
 sapwood  was  also  higher  in  ash  ( Figures  4A  and  5A),  indicating
 a  generally  higher  metabolic  rate  ( Spicer  and  Holbrook  2007).
 Scaling  relationships  of  component  fluxes  (expressed  per  area
 and  per  volume)  followed  similar  trends  with  branch  diameter
 as  total  flux.  Therefore,  by  the  logic  outlined  in  paragraph  3  of
 the  ‘Data  analysis’  subsection  of  the  methods,  both  growth  and
 maintenance  respiration  appear  primarily  associated  with  surface
 area,  except  in  branches  <5  cm  diameter,  where  volume  becomes
 more  relevant  .  These  results  inform  seasonal  scaling  of  woody
 flux  and  have  implications  for  ecosystem-level  estimates.  Notably,
 relative  rates  of  growth  respiration  per  unit  area  increased  with
 declining  diameter,  peaking  at  ∼170%  of  DBH  in  oak  and  ∼200%
 in  ash  at  ∼20  cm  diameter  ( Figure  S5  available  as  Supplementar  y
 Data  at  Tree  Physiology  Online,  for  GAM  outputs  see  Table  S8
available  as  Supplementar  y  Data  at  Tree  Physiology  Online),

 before  declining  sharply  to  ∼1–5%  of  DBH  in  the  smallest
 branches.  These  findings  emphasize  that  relying  solely  on
 measurements  at  breast  height  (1.3  m)  may  misrepresent  the
 contributions  of  growth  and  maintenance  respiration,  leading  to
 erroneous  tree  and  ecosystem-scale  estimates.
 

A  difference  was  apparent  in  the  methods  used  to  esti-
 mate  diameter  increment  ,  with  ring  widths  yielding  smaller
 growth  estimates  than  dendrometers  ( Figure  S3  available  as
 Supplementar  y  Data  at  Tree  Physiology  Online).  This  discrepanc  y
 likely  reflects  both  physiological  and  methodological  factors,  as
 ring  widths  capture  only  permanent  xylem  accumulation,  whereas
 dendrometer  measurements  also  include  reversible,  hydration-
 driven  stem  dynamics  and  are  subject  to  additional  measurement
 biases  associated  with  converting  imperfect  circumferential
 changes  to  diameter  increments.  These  factors  also  explain  the
 relatively  low  growth  at  DBH  inferable  from  Figure  4  as  compared
 with  Table  1,  as  the  former  are  based  on  wood  cores.  In  addition,
 Figure  4  includes  only  the  subset  of  climbed  trees,  which  were
 selected  for  size  and  accessibility,  potentially  biasing  the  sample
 towards  larger,  slower-growing  individuals.
 

Our  finding  that  growth,  maintenance  and  total  respiration
 fluxes  scale  similarly  with  diameter  ( Figures  4  and  5)  contrasts
 with  previous  studies  reporting  differential  scaling  between
 growth  and  maintenance  respiration  across  seasons  ( Darenova
et  al.  2020).  These  discrepancies  may  reflect  physiological

 differences,  such  as  deeper  sapwood  or  a  broader  distribution
 of  active  parenchyma,  which  could  limit  surface  area  scaling  to
 the  growth  component  alone.  However,  several  methodological
 limitations  must  also  be  acknowledged.  Although  accurately
 

partitioning  growth  and  maintenance  respiration  remains  an
 unresolved  challenge  ( Salomón  et  al.  2024)  and  our  assumptions
 are  consistent  with  those  used  in  earlier  studies  ( Meir  and
Grace  2002,  Salomón  et  al.  2024),  a  key  limitation  is  that  while
 we  directly  measured  tree  -level  growth,  seasonal  scaling  was
 derived  from  species  -level  growth  rates  rather  than  individual
 trajectories.  Continuous  monitoring  using  dendrometer  bands
 would  improve  resolution  and  accurac  y.  Furthermore,  both
 methods  for  estimating  growth  respiration  have  limitations;  the
 construction  cost  method  relies  on  a  theoretical  coefficient  for
 the  metabolic  demand  of  wood  synthesis,  which  may  var  y  among
 species  with  different  ecologies  and  may  not  capture  metabolic
 costs  associated  with  tissue  support  ,  such  as  elevated  phloem
 activity  ( Rodríguez-Calcerrada  et  al.  2019).
 

The  absence  of  a  winter  field  campaign  also  limits  our  ability
 to  assess  whether  scaling  with  diameter  and  temperature  differs
 in  the  dormant  season,  as  reported  by  Salomón  et  al.  (2022).
 Although  the  lack  of  nighttime  measurements  may  bias  growth
 estimates,  as  stem  growth  has  been  reported  to  occur  predom-
 inantly  at  night  ( Zweifel  et  al.  2021),  the  absence  of  consistent
 diel  patterns  in  stem  CO 2  efflux  ( Katayama  et  al.  2016,  Mills  et  al.
2025),  documented  daytime  growth  in  well-watered  forests  ( Men-

 cuccini  et  al.  2017)  and  the  strong  associations  obser  ved  here
 between  growth  metrics  and  daytime  efflux  suggest  that  day-
 time  measurements  retain  meaningful  biological  signal,  partic-
 ularly  for  analyses  of  within-tree  variation.  Furthermore,  given
 that  species  average  growth  rates  are  generally  used  in  ecosystem
 estimates  of  this  flux  ,  the  models  and  data  presented  here  pro  -
 vide  a  significant  advance,  allowing  for  the  modelling  of  woody-

 tissue  respiration  with  reduced  uncertainty  related  to  structural
 variation.
 

Although  variation  in  growth  and  maintenance  respiration
 accounts  for  much  of  the  obser  ved  pattern  in  woody  CO 2  efflux  ,
 additional  factors  likely  contribute.  A  s  shown  in  Figure  6B,
 Rtm sap-vol

 remains  significantly  and  negatively  related  to  branch
 diameter  in  ash,  with  smaller  branches  exhibiting  higher  average
 efflux  despite  similar  sapwood  content  .  One  possible  explanation
 is  the  contribution  of  translocated  CO 2  originating  from  soil,
 roots  and  lower  stem  tissues,  which  dissolves  in  xylem  sap  and
 moves  upward  in  the  transpiration  stream  before  diffusing  radially
 through  the  bark  ( Bowman  et  al.  2005,  Salomón  et  al.  2016,  2024).
 Prior  research  has  found  greater  bark  CO 2  efflux  from  smaller,
 upper  branches  attributed  to  shorter  diffusive  pathways  from
 sapwood  to  atmosphere  ( Hölttä  and  Kolari  2009,  Salomón  et  al.
2021).  Another  plausible  explanation  is  that  sapwood  depth  alone

 may  not  determine  maintenance  respiration  as  strongly  as  the
 parenchyma  content  within  it  .  This  fraction  is  highly  variable  and
 may  differ  systematically  between  trunks  and  branches  of  var  ying
 sizes  ( Carlquist  2001,  Ziemińska  et  al.  2013,  Rodríguez-Calcerrada
et  al.  2015),  potentially  leading  to  differing  efflux  rates  even  where
 sapwood  depth  is  similar.
 

Increased  variation  in  Rt vol
 at  the  smallest  diameters  may

 be  driven  by  several  extraneous  factors.  Growth  rates  likely
 contribute,  as  distal  branches  are  influenced  by  the  local  light
 environment—enhanced  by  light  foraging  and  suppressed  by
 shading.  Similarly,  spatial  variability  of  canopy  lighting  might
 influence  rates  of  corticular  photosynthesis,  of  which  the  strongest
 evidence  of  appreciable  metabolic  contributions  is  derived  from
 studies  of  twigs  and  juvenile  stems  ( Pfanz  et  al.  2002).  Therefore,
 in  these  smallest  branch  samples,  there  is  likely  a  variable
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and  unquantified  proportion  of  photosynthetically  active  cells
 with  potential  to  affect  measured  CO

 2  efflux  directly,  by  their
 potentially  higher  specific  respiration  rates,  and  indirectly  by  the
 refixation  of  sap  -dissolved  CO

 2  ( Ávila  et  al.  2014).  Finally,  nutrient
 concentrations  in  wood  can  var  y  within  a  tree,  often  being  higher
 in  branches  and  upper  stems  than  near  the  base  ( Inagawa  et  al.
2023).  This  spatial  heterogeneity  provides  a  potential  mechanism

 by  which  substrate  availability  may  influence  respiration  rates  of
 wood  in  the  canopy.
 

Variation  among  individuals  at  DBH  revealed  that  CO 2  efflux
 was  inversely  related  to  stem  diameter  in  both  species,  though
 the  signal  was  noisier  at  this  scale  as  compared  with  the  variation
 obser  ved  across  the  stems  and  crowns  within  trees.  In  ash,
 this  relationship  was  evident  using  Rt vol

 ,  whereas  in  oak  it  only
 became  significant  after  accounting  for  growth  and  isolating
 maintenance  respiration.  This  supports  the  notion  that  efflux
 is  more  strongly  associated  with  surface  area  than  volume,
 with  smaller  diameters  exhibiting  higher  volume  -normalized
 fluxes  due  to  a  greater  surface  -to  -volume  ratio.  Although  scaling
 patterns  were  broadly  similar  within  and  between  individuals,  the
 between-tree  dataset  was  markedly  noisier,  suggesting  stronger
 extraneous  CO 2  sources  among  trees.  For  example,  translocated
 CO 2  ,  influenced  by  microclimate  and  competitive  interactions,
 may  affect  stem  fluxes  more  between  than  within  individuals
 ( Bowman  et  al.  2005).  These  background  effects  likely  obscure  the
 respiration  signal  in  oak  more  than  in  ash,  due  to  oak’s  lower  flux
 rates  and  narrower  DBH  range.  Species  differences  were  evident
 in  the  sensitivity  of  maintenance  respiration  to  DBH,  reflected  in
 differing  slopes  and  intercepts  for  ash  and  oak  .  While  rates  were
 similar  at  larger  DBH,  ash  exhibited  higher  efflux  at  smaller  DBH.
 This  may  reflect  species  -specific  differences  in  sapwood  depth  or
 growth  rates.  Given  that  ash  grows  faster  than  oak  ,  individuals  of
 the  same  DBH  are  likely  younger  and  may  exhibit  higher  metabolic
 rates,  as  older  cells  tend  to  respire  less  ( Spicer,  2014).
 

Conclusions 
In  conclusion,  our  findings  provide  a  detailed  view  of  how
 woody-tissue  respiration  varies  by  diameter  within  trees  and
 among  individuals,  emphasizing  the  complex  interplay  between
 structural  characteristics,  tissue  composition  and  species  -specific
 growth  strategies.  Respiration  rates  were  primarily  associated
 with  surface  area,  particularly  in  larger  branches,  but  volume
 scaling  became  increasingly  important  in  smaller  diameters
 where  sapwood  dominated.  Differences  between  oak  and  ash
 highlight  the  influence  of  ecological  strateg  y  and  associated
 physiolog  y  on  respiration  dynamics,  with  ash  displaying  higher
 growth  and  maintenance  respiration  linked  to  deeper  sapwood
 and  faster  growth.  Although  scaling  relationships  were  generally
 consistent  across  growth  and  maintenance  components,  signifi-
 cant  noise,  especially  in  small  branches  and  between  individuals,
 underscores  the  importance  of  considering  additional  factors
 such  as  translocated  CO 2  ,  parenchymal  variability  and  local
 environmental  influences.  These  insights  are  critical  for  refining
 models  of  carbon  c  ycling  at  tree  and  ecosystem  scales,  and
 future  studies  should  aim  to  reduce  methodological  uncertainties,
 particularly  around  individual  growth  monitoring  and  sapwood
 characterization,  to  further  improve  the  accurac  y  of  scaling  the
 woody  flux.
 

Acknowledgments  
We  thank  Dr  Cecilia  Chavana-Br  yant  who  super  vised  and  partici-
 pated  in  the  components  of  data  collection  that  required  the  use  of
 rope  access  and  Mike  Eltringham  who  also  provided  consultation
 on  rope  access  work  .
 

Supplementar  y  Data  
Supplementar  y  data  for  this  article  are  available  at  Tree  Physiology
 Online.
 

Author  contributions 
Y.M.  and  A.S.  conceived  of  the  work  .  K.W.  collected  and  analysed
 the  data  and  wrote  the  manuscript  with  continued  input  from  A.S.
 and  comments  from  Y.M.
 

Conflict  of  interest  
None  declared.
 

Funding  
A.S.  was  funded  by  a  NERC  grant  to  Y.M.;  Y.M.  is  also  supported  by
 the  Jackson  Foundation.
 

Data  availability 
Please  contact  the  corresponding  author  for  data  and  materials.
 

References  
Amoroso  MM,  Daniels  LD,  Baker  PJ,  Camarero  JJ  (eds)  (2017)  Den-

 droecolog  y:  tree  -ring  analyses  applied  to  ecological  studies,
 Vol.  231.  Cham,  Switzerland:  Springer.  https://doi.org  /10.1007/
978-  3-  319-  61669-  8

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

 2  efflux  rate,  of  Chamae  -
 c  yparis  obtusa  trees.  J  For  Res  15:115–122.  https://doi.org  /10.
1007/s10310-  009-  0163-  3

Ávila  E,  Herrera  A,  Tezara  W  (2014)  Contribution  of  stem  CO2  fix-
 ation  to  whole  -plant  carbon  balance  in  nonsucculent  species.
 Photosynthetica  52:3–15.  https://doi.org  /10.1007/s11099-  014
-  0004-  2

Bates  D,  Mächler  M,  Bolker  B,  Walker  S.  (2015)  Fitting  Linear  Mixed-
 Effects  Models  Using  lme4.  Journal  of  Statistical  Software,  67:1–
 48.  https://doi.org  /10.18637/jss.v067.i01

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

 2  efflux  from  stems  of  mature  Dacr  ydium  cupressinum
 trees.  New  Phytol  167:815–828.  https://doi.org  /10.1111/  j.1469-
 8137.2005.01478.x

Butt  N,  Campbell  G,  Malhi  Y,  Morecroft  M,  Fenn  K,  Thomas  M  (2009)
 Initial  results  from  establishment  of  a  long-term  broadleaf
 monitoring  plot  at  Wytham  woods,  Oxford.  University  of  Oxford
 Report,  UK. 

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpag060#supplementary-data
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/978-3-319-61669-8
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s10310-009-0163-3
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.1007/s11099-014-0004-2
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1469-8137.2005.01478.x


12 Tree Physiology, 2026, Vol. 46, Issue 6        

 Campioli  M,  Malhi  Y,  Vicca  S  et  al.  (2016)  Evaluating  the  conver-
 gence  between  eddy-covariance  and  biometric  methods  for
 assessing  carbon  budgets  of  forests.  Nature  communications,
 7:13717.  https://doi.org  /10.1038/ncomms13717

Carlquist  S  (2001)  Comparative  wood  anatomy:  systematic,  eco  -
 logical,  and  evolutionar  y  aspects  of  dicotyledon  wood,  2nd
 edn.  Springer,  Berlin/Heidelberg. 

Cavaleri  MA,  Oberbauer  SF,  Ryan  MG  (2006)  Wood  CO
 2  efflux  in

 a  primar  y  tropical  rain  forest  .  Glob  Chang  Biol  12:2442–2458.
 https://doi.org  /10.1111/j.1365-  2486.2006.01269.x

Chambers  JQ,  Tribuzy  ES,  Toledo  LC  et  al.  (2004)  Respiration  from
 a  tropical  forest  ecosystem:  partitioning  of  sources  and  low
 carbon  use  efficienc  y.  Ecological  Applications  14:72–88. 

Chattaway  MM  (1952)  The  sapwood-heartwood  transition.  Aust
 For  16:25–34. 

Collalti  A,  Tjoelker  MG,  Hoch  G  et  al.  (2020)  Plant  respiration:
 controlled  by  photosynthesis  or  biomass?  Glob  Chang  Biol
 26:1739–1753.  https://doi.org  /10.1111/gcb.14857

Cramer  W,  Bondeau  A,  Woodward  FI  et  al.  (2001)  Global  response
 of  terrestrial  ecosystem  structure  and  function  to  CO

 2  and  cli-
 mate  change:  results  from  six  dynamic  global  vegetation  mod-
 els.  Glob  Chang  Biol  7:357–373.  https://doi.org  /10.1046/j.1365
-  2486.2001.00383.x

Damesin  C,  Ceschia  E,  Le  Goff  N,  Ottorini  JM,  Dufrêne  E  (2002)  Stem
 and  branch  respiration  of  beech:  from  tree  measurements
 to  estimations  at  the  stand  level.  New  Phytol  153:159–172.
 https://doi.org  /10.1046/j.0028-  646X.2001.00296.x

Darenova  E,  Horá  ˇ cek  P,  Krejza  J,  Pokorný  R,  Pavelka  M  (2020)  Sea-
 sonally  var  ying  relationship  between  stem  respiration,  incre  -
 ment  and  carbon  allocation  of  Nor  way  spruce  trees.  Tree  Phys  -
 iol  40:943–955.  https://doi.org  /10.1093/treephys/tpaa039

DeLucia  E,  Drake  JE,  Thomas  RB,  Gonzalez-Meller  M  (2007)  Forest
 carbon  use  efficienc  y:  is  respiration  a  constant  fraction  of  gross
 primar  y  production?  Glob  Chang  Biol  13:1157–1167.  https://
doi.org  /10.1111/j.1365-  2486.2007.01365.x

Demol  M,  Calders  K,  Krishna  Moorthy  SM,  Van  den  Bulcke  J,  Ver-
 beeck  H,  Gielen  B  (2021)  Consequences  of  vertical  basic  wood
 density  variation  on  the  estimation  of  aboveground  biomass
 with  terrestrial  laser  scanning.  Trees  35:671–684. 

Dietze  MC,  Serbin  SP,  Davidson  C  et  al.  (2014)  A  quantitative
 assessment  of  a  terrestrial  biosphere  model’s  data  needs
 across  North  American  biomes.  Journal  of  Geophysical
 Research:  Biogeosciences,  119:286–300.  https://doi.org  /10.
1002/2013JG002392

Fenn  K,  Malhi  Y,  Morecroft  M  et  al.  (2010)  Comprehensive  descrip  -
 tion  of  the  carbon  c  ycle  of  an  ancient  temperate  broadleaved
 woodland.  Biogeosciences  Discussions,  7:3735–3763. 

Fenn  KM,  Malhi  Y,  Morecroft  MD  (2010)  Soil  CO
 2  efflux  in  a  tem-

 perate  deciduous  forest  :  environmental  drivers  and  compo  -
 nent  contributions.  Soil  Biol  Biochem  42:1685–1693.  https://
doi.org  /10.1016/j.soilbio.2010.05.028

Grace  J  (2004)  Understanding  and  managing  the  global  carbon
 c  ycle.  J  Ecol  92:189–202.  https://doi.org  /10.1111/j.0022-  0477.
2004.00874.x

Han  F,  Wang  X,  Zhou  H,  Li  Y,  Hu  D  (2017)  Temporal  dynamics
 and  vertical  variations  in  stem  CO

 2  efflux  of  Styphnolobium
 japonicum.  J  Plant  Res  130:845–858. 

Hölttä  T,  Kolari  P  (2009)  Interpretation  of  stem  CO
 2  efflux  measure  -

 ments.  Tree  Physiol  29:1447–1456.  https://doi.org  /10.1093/
treephys/tpp073

Inagawa  T,  Riutta  T,  Majalap  -Lee  N,  Nilus  R,  Josue  J,  Malhi  Y  (2023)
 Radial  and  vertical  variation  of  wood  nutrients  in  Bornean  trop  -
 ical  forest  trees.  Biotropica  55:1019–1032.  https://doi.org  /10.
1111/btp.13250

Jardine  KJ,  Cobello  LO,  Teixeira  LM  et  al.  (2022)  Stem  respiration
 and  growth  in  a  Central  Amazon  rainforest.  Trees  36:991–1004.
 https://doi.org  /10.1007/s00468-  022-  02265-  5

Katayama  A,  Kume  T,  Komatsu  H,  Ohashi  M,  Matsumoto  K,  Ichi-
 hashi  R,  Kumagai  TO,  Otsuki  K  (2014)  Vertical  variations  in
 wood  CO

 2  efflux  for  live  emergent  trees  in  a  Bornean  tropical
 rainforest  .  Tree  Physiol  34:503–512.  https://doi.org  /10.1093/
treephys/tpu041

Katayama  A,  Kume  T,  Ohashi  M,  Matsumoto  K,  Nakagawa  M,
 Saito  T,  Kumagai  TO,  Otsuki  K  (2016)  Characteristics  of  wood
 CO

 2  efflux  in  a  Bornean  tropical  rainforest  .  Agric  For  Meteo  -
 rol  220:190–199.  https://doi.org  /10.1016/  j.agrformet  .2016.01.
 140

Katayama  A,  Kume  T,  Ichihashi  R,  Nakagawa  M  (2019)  Vertical  vari-
 ation  in  wood  CO

 2  efflux  is  not  uniformly  related  to  height  :  mea-
 surement  across  various  species  and  sizes  of  Bornean  tropical
 rainforest  trees.  Tree  Physiol  39:1000–1008.  https://doi.org  /10.
1093/treephys/tpz022

Lau  A,  Bentley  LP,  Martius  C,  Shenkin  A,  Bartholomeus  H,  Rau-
 monen  P,  Malhi  Y,  Jackson  T,  Herold  M  (2018)  Quantifying
 branch  architecture  of  tropical  trees  using  terrestrial  LiDAR  and
 3D  modelling.  Trees  32:1219–1231.  https://doi.org  /10.1007/
s00468-  018-  1704-  1

Lavigne  MB,  Franklin  SE,  Hunt  ER  et  al.  (1996)  Estimating  stem
 maintenance  respiration  rates  of  dissimilar  balsam  fir  stands.
 Tree  Physiol  16:687–695.  https://doi.org  /10.1093/treephys/16.
8.687

Levy  PE,  Jar  vis  PG  (1998)  Stem  CO
 2  fluxes  in  two  Sahelian  shrub

 species  (Guiera  senegalensis  and  Combretum  micranthum).
 Funct  Ecol  12:107–116.  https://doi.org  /10.1046/j.1365-  2435.
1998.00156.x

Malhi  Y,  Jackson  T,  Patrick  Bentley  L,  Lau  A,  Shenkin  A,  Herold  M,
 Calders  K,  Bartholomeus  H,  Disney  MI  (2018)  New  perspectives
 on  the  ecolog  y  of  tree  structure  and  tree  communities  through
 terrestrial  laser  scanning.  Interface  Focus  8:20170052.  https://
doi.org  /10.1098/rsfs.2017.0052

Marthews  TR,  Riutta  T,  Oliveras  Menor I  et  al.  (2014)  Measuring
 tropical  forest  carbon  allocation  and  c  ycling:  a  RAINFOR-GEM
 field  manual  for  intensive  census  plots  (v3.0)  manual.  Global
 Ecosystems  Monitoring  Network  .  http://gem.tropicalforests.
ox.ac.uk/.  (accessed  2  June  2026) 

McGuire  MA,  Cerasoli  S,  Teskey  RO  (2007)  CO
 2  fluxes  and  res  -

 piration  of  branch  segments  of  sycamore  (Platanus  occiden-
 talis  L.)  examined  at  different  sap  velocities,  branch  diameters,
 and  temperatures.  J  Exp  Bot  58:2159–2168.  https://doi.org  /10.
1093/jxb/erm069

Meir  P,  Grace  J  (2002)  Scaling  relationships  for  woody  tissue
 respiration  in  two  tropical  rain  forests.  Plant  Cell  Environ
 25:963–973.  https://doi.org  /10.1046/j.1365-  3040.2002.00877.x

Meir  P,  Shenkin  A,  Disney  M,  Rowland  L,  Malhi  Y,  Herold  M,  da  Costa
 AC  (2018)  Plant  structure  -function  relationships  and  woody
 tissue  respiration:  upscaling  to  forests  from  laser-derived  mea-
 surements.  In:  Tcherkez  G,  Ghashghaie  J  (eds.)  Plant  respira-
 tion:  metabolic  fluxes  and  carbon  balance.  Springer  Interna-
 tional  Publishing,  Cham,  pp  89–105.  https://doi.org  /10.1007/
978-  3-  319-  68703-  2_5

https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/j.1365-2486.2006.01269.x
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.1365-2486.2001.00383.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1046/j.0028-646X.2001.00296.x
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1093/treephys/tpaa039
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1111/j.1365-2486.2007.01365.x
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1002/2013JG002392
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1016/j.soilbio.2010.05.028
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1111/j.0022-0477.2004.00874.x
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1093/treephys/tpp073
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1111/btp.13250
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1007/s00468-022-02265-5
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1093/treephys/tpu041
https://doi.org/10.1016/j.agrformet.2016.01.140
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1093/treephys/tpz022
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1007/s00468-018-1704-1
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1093/treephys/16.8.687
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1046/j.1365-2435.1998.00156.x
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
https://doi.org/10.1098/rsfs.2017.0052
http://gem.tropicalforests.ox.ac.uk/
http://gem.tropicalforests.ox.ac.uk/
http://gem.tropicalforests.ox.ac.uk/
http://gem.tropicalforests.ox.ac.uk/
http://gem.tropicalforests.ox.ac.uk/
http://gem.tropicalforests.ox.ac.uk/
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1093/jxb/erm069
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1046/j.1365-3040.2002.00877.x
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5
https://doi.org/10.1007/978-3-319-68703-2_5


Tree Physiology, 2026, Vol. 46, Issue 6 13       

Mencuccini  M,  Salmon  Y,  Mitchell  P  et  al.  (2017)  An  empirical
 method  that  separates  irreversible  stem  radial  growth  from
 bark  water  content  changes  in  trees:  theor  y  and  case  stud-
 ies.  Plant  Cell  Environ  40:290–303.  https://doi.org  /10.1111/
pce.12863

Metcalfe  DB,  Meir  P,  Aragão  LE  et  al.  (2010)  Shifts  in  plant  res  -
 piration  and  carbon  use  efficienc  y  at  a  large  -scale  drought
 experiment  in  the  eastern  Amazon.  New  Phytol  187:608–621.
 https://doi.org  /10.1111/j.1469-  8137.2010.03319.x

Mills  MB,  Both  S,  Jotan  P  et  al.  (2024)  From  tree  to  plot  :  investigat-
 ing  stem  CO2  efflux  and  its  drivers  along  a  logging  gradient  in
 Sabah,  Malaysian  Borneo.  New  Phytol  244:91–103.  https://doi.
org  /10.1111/nph.20043

Mills  MB,  Shenkin  A,  Wilkes  P  et  al.  (2025)  Investigating  the
 accurac  y  of  tropical  woody  stem  CO2  efflux  estimates:  scal-
 ing  methods,  and  vertical  and  diel  variation.  New  Phytol  246:
 2004–2014.  https://doi.org  /10.1111/nph.70122

Miranda  I,  Sousa  V,  Ferreira  J,  Pereira  H  (2017)  Chemical  charac-
 terization  and  extractives  composition  of  heartwood  and  sap  -
 wood  from  Quercus  faginea.  PloS  One  12:e0179268.  https://
doi.org  /10.1371/journal.pone.0179268

Morecroft  MD,  Taylor  ME,  Oliver  HR  (1998)  Air  and  soil  microcli-
 mates  of  deciduous  woodland  compared  with  an  open  site.
 Agric  For  Meteorol  90:141–156.  https://doi.org  /10.1016/S0168
-  1923(97)00070-  1

Mori  S,  Yamaji  K,  Ishida  A  et  al.  (2010)  Mixed-power  scaling  of
 whole  -plant  respiration  from  seedlings  to  giant  trees.  Proc  Natl
 Acad  Sci  U  S  A  107:1447–1451.  https://doi.org  /10.1073/pnas.
0902554107

Morris  H,  Plavcová  L,  Cvecko  P  et  al.  (2016)  A  global  analysis
 of  parenchyma  tissue  fractions  in  secondar  y  xylem  of  seed
 plants.  New  Phytol  209:1553–1565.  https://doi.org  /10.1111/
nph.13737

Noh  NJ,  Renchon  AA,  Knauer  J  et  al.  (2024)  Reconciling  top  -down
 and  bottom-up  estimates  of  ecosystem  respiration  in  a  mature
 eucalypt  forest.  J  Geophys  Res  Biogeosci  129:e2024JG008064. 

Penning  De  Vries  FWT  (1975)  The  cost  of  maintenance  pro  -
 cesses  in  plant  cells.  Ann  Bot  39:77–92.  https://doi.org  /10.
1093/oxfordjournals.aob.a084919

Peterken  GF,  Game  M  (1981)  Historical  factors  affecting  the  distri-
 bution  of  Mercurialis  perennis  in  Central  Lincolnshire.  J  Ecol,
 69:781–796.  https://doi.org  /10.2307/2259636

Pfanz  H,  A  schan  G,  Langenfeld-Heyser  R,  Wittmann  C,  Loose
 M  (2002)  Ecolog  y  and  ecophysiolog  y  of  tree  stems:  cor-
 ticular  and  wood  photosynthesis.  Natur  wissenschaften  89:
 147–162.  https://doi.org  /10.1007/s00114-  002-  0309-  z

R  Core  Team (2023)  R:  A  language  and  environment  for  statistical
 computing.  R  Foundation  for  Statistical  Computing,  Vienna,
 Austria.  https://www.R-  project  .org  /  (accessed  2  June  2026). 

Raumonen  P,  Kaasalainen  M,  Åkerblom  M,  Kaasalainen  S,  Kaarti-
 nen  H,  Vastaranta  M,  Holopainen  M,  Disney  M,  Lewis  P  (2013)
 Fast  automatic  precision  tree  models  from  terrestrial  laser
 scanner  data.  Remote  Sens  5:491–520.  https://doi.org  /10.
3390/rs5020491

Robertson  AL,  Malhi  Y,  Farfan-Amezquita  F,  Aragão  LEOC,  Silva
 Espejo  JE,  Robertson  MA  (2010)  Stem  respiration  in  tropical
 forests  along  an  elevation  gradient  in  the  Amazon  and  Andes.
 Glob  Chang  Biol  16:3193–3204.  https://doi.org  /10.1111/j.1365
-  2486.2010.02314.x

Rodríguez-Calcerrada  J,  Martin-StPaul  NK,  Lempereur  M  et  al.
 (2014)  Stem  CO

 2  efflux  and  its  contribution  to  ecosystem
 CO

 2  efflux  decrease  with  drought  in  a  Mediterranean  forest
 stand.  Agric  For  Meteorol  195:61–72.  https://doi.org  /10.1016/
j.agrformet  .2014.04.012

Rodríguez-Calcerrada  J,  López  R,  Salomón  R,  Gordaliza  GG,  Val-
 buena-Carabaña  M,  Oleksyn  J,  Gil  L  (2015)  Stem  CO2  efflux  in
 six  co  -occurring  tree  species:  underlying  factors  and  ecological
 implications.  Plant  Cell  Environ  38:1104–1115.  https://doi.org  /
10.1111/pce.12463

Rodríguez-Calcerrada  J,  Salomón  RL,  Gordaliza  GG,  Miranda  JC,
 Miranda  E,  de  la  Riva  EG,  Gil  L  (2019)  Respirator  y  costs  of  pro  -
 ducing  and  maintaining  stem  biomass  in  eight  co  -occurring
 tree  species.  Tree  Physiol  39:1838–1854. 

Rodwell  JS  (1998)  British  plant  communities,  Vol.  2.  Cambridge
 University  Press,  Cambridge  UK. 

Ryan  MG  (1991)  Effects  of  climate  change  on  plant  respiration.  Ecol
 Appl  1:157–167.  https://doi.org  /10.2307/1941808

Ryan  MG,  Hubbard  RM,  Clark  DA,  Sanford  RL  (1994)  Woody-tissue
 respiration  for  Simarouba  amara  and  Minquartia  guianensis,
 two  tropical  wet  forest  species  with  different  growth  habits.
 Oecologia  100:213–220.  https://doi.org  /10.1007/BF0031
 6947

Ryan  MG,  Gower ST,  Hubbard  RM,  Waring  RH,  Gholz  HL,  Cropper
 WP,  Running  SW  (1995)  Woody  tissue  maintenance  respira-
 tion  of  four  conifers  in  contrasting  climates.  Oecologia  101:
 133–140.  https://doi.org  /10.1007/BF00317276

Salomón  RL,  Valbuena-Carabaña  M,  Gil  L,  McGuire  MA,  Teskey
 RO,  Aubrey  DP,  González-Doncel  I,  Rodríguez-Calcerrada
 J  (2016)  Temporal  and  spatial  patterns  of  internal  and
 external  stem  CO

 2  fluxes  in  a  sub  -Mediterranean  oak.  Tree
 Physiol  36:1409–1421.  https://doi.org  /10.1093/  treephys/
 tpw029

Salomón  RL,  De  Roo  L,  Oleksyn  J,  De  Pauw  DJ,  Steppe  K  (2020)
 TReSpire—a  biophysical  TRee  Stem  respiration  model.  New
 Phytol  225:2214–2230.  https://doi.org  /10.1111/nph.16174

Salomón  RL,  De  Roo  L,  Bodé  S,  Boeckx  P,  Steppe  K  (2021)  Efflux
 and  assimilation  of  xylem-transported  CO

 2  in  stems  and  leaves
 of  tree  species  with  different  wood  anatomy.  Plant  Cell  Environ
 44:3494–3508.  https://doi.org  /10.1111/pce.14062

Salomón  RL,  De  Roo  L,  Oleksyn  J,  Steppe  K  (2022)  Mechanistic
 drivers  of  stem  respiration:  a  modelling  exercise  across  species
 and  seasons.  Plant  Cell  Environ  45:1270–1285.  https://doi.org  /
10.1111/pce.14246

Salomón  RL,  Helm  J,  Gessler A,  Grams  TE,  Hilman  B,  Muhr J,
 Steppe  K,  Wittmann  C,  Hartmann  H  (2024)  The  quandar  y  of
 sources  and  sinks  of  CO

 2  efflux  in  tree  stems  -new  insights  and
 future  directions.  Tree  Physiol  44:tpad157.  https://doi.org  /10.
1093/treephys/tpad157

Savill  Peter,  and  others  (eds),  Wytham  Woods:  Oxford’s  Eco  -
 logical  Laborator  y  (Oxford,  2011;  online  edn,  Oxford  Aca-
 demic,  8  May  2015),  https://doi.org  /10.1093/acprof:osobl/
9780199605187.001.0001.  

Schneider  CA,  Rasband  WS,  Eliceiri  KW  (2012)  NIH  image  to
 ImageJ:  25  years  of  image  analysis.  Nat  Methods  9:671–675.
 https://doi.org  /10.1038/nmeth.2089

Shinozaki  K,  Yoda  K,  Hozumi  K,  Kira  T  (1964)  A  quantitative  analysis
 of  plant  form-the  pipe  model  theor  y:  I  Basic  analyses.  Jap  J
 Ecol  14:97–105.  https://doi.org  /10.18960/seitai.14.3_97

https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/pce.12863
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/j.1469-8137.2010.03319.x
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.20043
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1111/nph.70122
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1371/journal.pone.0179268
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1016/S0168-1923(97)00070-1
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1073/pnas.0902554107
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1111/nph.13737
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.1093/oxfordjournals.aob.a084919
https://doi.org/10.2307/2259636
https://doi.org/10.2307/2259636
https://doi.org/10.2307/2259636
https://doi.org/10.2307/2259636
https://doi.org/10.2307/2259636
https://doi.org/10.2307/2259636
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://doi.org/10.1007/s00114-002-0309-z
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3390/rs5020491
https://doi.org/10.3390/rs5020491
https://doi.org/10.3390/rs5020491
https://doi.org/10.3390/rs5020491
https://doi.org/10.3390/rs5020491
https://doi.org/10.3390/rs5020491
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1111/j.1365-2486.2010.02314.x
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1016/j.agrformet.2014.04.012
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.1111/pce.12463
https://doi.org/10.2307/1941808
https://doi.org/10.2307/1941808
https://doi.org/10.2307/1941808
https://doi.org/10.2307/1941808
https://doi.org/10.2307/1941808
https://doi.org/10.2307/1941808
https://doi.org/10.1007/BF00316947
https://doi.org/10.1007/BF00317276
https://doi.org/10.1007/BF00317276
https://doi.org/10.1007/BF00317276
https://doi.org/10.1007/BF00317276
https://doi.org/10.1007/BF00317276
https://doi.org/10.1007/BF00317276
https://doi.org/10.1093/treephys/tpw029
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/nph.16174
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14062
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1111/pce.14246
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/treephys/tpad157
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1093/acprof:osobl/9780199605187.001.0001
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97
https://doi.org/10.18960/seitai.14.3_97


14 Tree Physiology, 2026, Vol. 46, Issue 6        

Spicer  R  (2014)  Symplasmic  networks  in  secondar  y  vascular
 tissues:  parenchyma  distribution  and  activity  supporting
 long-distance  transport  .  J  Exp  Bot  65:1829–1848.  https://doi.
org  /10.1093/jxb/ert459

Spicer  R,  Holbrook  NM  (2007)  Parenchyma  cell  respiration  and
 sur  vival  in  secondar  y  xylem:  does  metabolic  activity  decline
 with  cell  age?  Plant  Cell  Environ  30:934–943.  https://doi.org  /
10.1111/j.1365-  3040.2007.01677.x

Sprugel  DG,  Benecke  U  (1991)  Measuring  woody-tissue  respiration
 and  photosynthesis.  In:  Lassoie  JP,  Hinckley  TM  (eds)  Tech-
 niques  and  approaches  in  forest  tree  ecophysiolog  y.  CRC  Press,
 Berlin,  pp  329–355. 

Stockfors  JAN,  Linder  S  (1998)  Effect  of  nitrogen  on  the  seasonal
 course  of  growth  and  maintenance  respiration  in  stems  of  Nor-
 way  spruce  trees.  Tree  Physiol  18:155–166.  https://doi.org  /10.
1093/treephys/18.3.155

Tar  vainen  L,  Räntfors  M,  Wallin  G  (2014)  Vertical  gradients
 and  seasonal  variation  in  stem  CO

 2  efflux  within  a  Nor-
 way  spruce  stand.  Tree  Physiol  34:488–502.  https://doi.org  /10.
1093/treephys/tpu036

Wang  W,  Wang  H,  Zu  Y  et  al.  (2006)  Characteristics  of  the  tempera-
 ture  coefficient  ,  Q  10,  for  the  respiration  of  non-photosynthetic
 organs  and  soils  of  forest  ecosystems.  Frontiers  of  Forestr  y  in
 China,  1:125–135. 

West  PW  (2020)  Do  increasing  respirator  y  costs  explain  the  decline
 with  age  of  forest  growth  rate?  J  For  Res  31:693–712.  https://
doi.org  /10.1007/s11676-  019-  01020-  w

Westerband  AC,  Wright  IJ,  Eller  AS,  Cernusak  LA,  Reich  PB,  Perez–
 Priego  O,  Chhajed  SS,  Hutley  LB,  Lehmann  CE  (2022)  Nitro  -
 gen  concentration  and  physical  properties  are  key  drivers  of
 woody  tissue  respiration.  Ann  Bot  129:633–646.  https://doi.
org  /10.1093/aob/mcac028

Wood  SN  (2017)  Generalized  additive  models:  an  introduction
 with  R,  2nd  edn.  Chapman  and  Hall/CRC,  New  York  ,  NY,  USA.
 https://doi.org  /10.1201/9781315370279

Yang  J,  He  Y,  Aubrey  DP,  Zhuang  Q,  Teskey  RO  (2016)  Global
 patterns  and  predictors  of  stem  CO2  efflux  in  forest  ecosys  -
 tems.  Glob  Chang  Biol  22:1433–1444.  https://doi.org  /10.1111/
gcb.13188

Yoda  K,  Shinozaki  K,  Ogawa  H,  Hozumi  K,  Kira  T  (1965)  Esti-
 mation  of  the  total  amount  of  respiration  in  woody  organs
 of  trees  and  forest  communities.  J  Biol  Osaka  City  U  16:
 15–26.  

Yokota  T,  Ogawa  K,  Hagihara  A  (1994)  Dependence  of  the  above  -
 ground  respiration  of  hinoki  c  ypress  (Chamaec  yparis  obtusa)
 on  tree  size.  Tree  Physiol  14:467–479.  https://doi.org  /10.1093/
treephys/14.5.467

Ziemińska  K,  Butler DW,  Gleason  SM,  Wright  IJ,  Westoby  M  (2013b)
 Fibre  wall  and  lumen  fractions  drive  wood  density  variation
 across  24  Australian  angiosperms.  AoB  Plants  5:plt046.  https://
doi.org  /10.1093/aobpla/plt046

Zweifel  R,  Sterck  F,  Braun  S  et  al.  (2021)  Why  trees  grow  at
 night.  New  Phytol  231:2174–2185.  https://doi.org  /10.1111/
nph.17552

©  The  Author(s)  2026.  Published  by Oxford  University  Press.  This  is  an  Open  Access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution  License  (  https://creativecommons.org  /licenses/by/4.0/),  which  permits  unrestricted  reuse,  distribution,  and  reproduction  in  any  medium,  provided
 the  original  work  is  properly  cited.  
Tree  Physiology,  2026,  46,  tpag060

 

https://doi.org  /10.1093/treephys/tpag060
Research  paper  

https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1093/jxb/ert459
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1111/j.1365-3040.2007.01677.x
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/18.3.155
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1093/treephys/tpu036
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1007/s11676-019-01020-w
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1093/aob/mcac028
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1111/gcb.13188
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/treephys/14.5.467
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1093/aobpla/plt046
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://doi.org/10.1111/nph.17552
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/treephys/tpag060

	 Diameter-driven variation in wood CO2 efflux across the stems and crowns of three temperate broadleaf tree species
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	 Acknowledgments
	Supplementary Data
	Author contributions
	Conflict of interest
	Funding
	Data availability


