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Significance

 Net primary production of 
forests, a major land carbon flux, 
is estimated in the field as the 
sum of biomass increment, i.e., 
net growth of live biomass over 
time, and biomass turnover, i.e., 
the production of biomass 
replacing loss through mortality. 
Despite its importance in forest 
carbon dynamics, both 
measurements and models have 
largely overlooked turnover of 
branch biomass in live trees. 
Synthesizing field-based data 
across global biomes and 
incorporating branch turnover in 
state-of-the-art models, our 
study demonstrates that the 
prevailing neglect of branch 
turnover leads to widespread 
biases in carbon flux estimates 
across global datasets and model 
simulations. Modifications to 
field measurement protocols and 
model simulations are needed to 
eliminate the systematic biases in 
projection of land carbon 
dynamics.
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Most measurements and models of forest carbon cycling neglect the carbon flux associated 
with the turnover of branch biomass, a physiological process quantified for other organs 
(fine roots, leaves, and stems). Synthesizing data from boreal, temperate, and tropical 
forests (184,815 trees), we found that including branch turnover increased empirical 
estimates of aboveground wood production by 16% (equivalent to 1.9 Pg Cy−1 globally), 
of similar magnitude to the observed global forest carbon sinks. In addition, reallocat-
ing carbon to branch turnover in model simulations reduced stem wood biomass, a 
long- lasting carbon storage, by 7 to 17%. This prevailing neglect of branch turnover 
suggests widespread biases in carbon flux estimates across global datasets and model sim-
ulations. Branch litterfall, sometimes used as a proxy for branch turnover, ignores carbon 
lost from attached dead branches, underestimating branch C turnover by 38% in a pine 
forest. Modifications to field measurement protocols and existing models are needed to 
allow a more realistic partitioning of wood production and forest carbon storage.

net primary production | carbon sink | branch mortality | forest model | allometric

 Forests are major land carbon sink ( 1 ) and account for more than half of the terrestrial 
net primary production (NPP) ( 2 ). Accurate assessment of forest carbon dynamics is 
critical to understanding the global carbon cycle ( 3 ). In forest ecosystem, the extent to 
which the carbon (C) trees incorporate into biomass contributes to the forest C sink 
depends on its persistence in trees and soil. Portions of total NPP associated with different 
tree organs range in persistence from short-term (flowers, most leaves, and fine roots), to 
mid-term (branches and cones), and long-term (stems and coarse roots). Models that do 
not accurately allocate C among organs of differing persistence generate biased estimates 
of C sequestration rates and storage ( 4   – 6 ). For example, misallocating C of mid-term 
persistence branch NPP to short-term persistence foliage may result in overestimating 
canopy leaf area and thus photosynthesis and NPP, while misallocating it to stems may 
result in overestimating long-term C storage. This example was chosen to reflect the 
now-prevalent approach of ignoring C used in replacement of branch mortality (i.e., 
turnover) in modeling C sequestration and storage ( 6 ).

 Net primary production in forests is commonly estimated as the sum of biomass turn-
over and increment. Turnover refers to the portion of biomass mortality, the C flux from 
live to dead pools, which is replaced annually ( 7 ,  8 ), estimated based on litterfall collection 
(leaves, reproductive organs) and repeated soil coring (fine roots); increment refers to the 
net change in standing biomass over time, typically based on allometric functions driven 
by easily obtainable tree dimensions. Turnover of short-lived components can amount to 
a large portion of NPP, as is obvious where the pool size of an organ reaches a quasi-steady 
state yet some or all the pool is replaced annually. For example, based on published infor-
mation (SI Appendix, Table S1 ) we estimated that foliage and fine roots accounted for 
29% ( 5 ) and 25% ( 9 ), respectively, of global forest NPP ( 2 ), likely representing mostly 
turnover ( 10 ). Not surprisingly, these fast-turnover C pools have been uniformly accounted 
for in measurements and ecosystem models of NPP ( 8     – 11 ). In contrast, branch turnover 
has been mostly ignored despite some studies suggesting a substantial turnover rate, rang-
ing among species from about 15 to 45% of aboveground wood NPP ( 12 ).

 A literature search (Web of Science, based on “Net primary production” OR “NPP” AND 
“Forest” published from Jan. 2003 throughout Feb. 2023) produced 492 original articles 
relevant to forest NPP (SI Appendix, Table S2 ). Although some studies estimated branch 
litterfall, only four of 278 publications from field studies accounted for branch turno-
ver—99% neglected branch turnover in NPP estimates. Among the 121 models (including 
several generations of some) used in 236 articles, four empirical and four process-based models 
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accounted for branch turnover (29 publications in 20 y). Most of 
these models were not validated against measurements—at best 
results were compared against branch litterfall, which does not 
account for the lag between mortality and fall, lasting decades in 
some species, or for in situ mass loss of attached dead branches, a 
component of ecosystem respiration. Moreover, among the dynamic 
global vegetation models embedded in Earth System models used 
for estimating the fluxes in the global C budget, not one accounts 
for branch pools or branch turnover ( 3 ,  11 ). If the contribution of 
branch turnover to wood NPP is large enough to alter C allocation, 
this literature analysis suggests that biased NPP estimates are perva-
sive throughout global datasets and model simulations.

 We hypothesize that neglecting branch turnover can lead to 
underestimated NPP from measurements and overestimated 
long-term stem C storage in model predictions. The objectives of 
this study were to i) estimate branch turnover across various forest 
types and spatial conditions, and ii) quantify the impacts of branch 
turnover on estimates of aboveground wood NPP. Furthermore, iii) 
we employed two process-based models to simulate stem wood bio-
mass accumulation with or without including branch turnover.

 We compiled unique datasets on repeated tree measurements 
(183,738 trees) that include the height of the crown base (14,627 
trees) and on-site tree harvesting (1,077 trees) from 278 forest 
plots (dominated by eight species) in 21 long-term experiments. 
All experimental sites were even-aged forests, where a single species 
dominates the stand. We estimated annual branch turnover 
according to a crown ascent approach ( 13   – 15 ), whereby most 
branch turnover occurs at the crown base as it ascends while older, 
larger branches at the bottom gradually die ( Fig. 1 ). The crown 
ascent approach is based on the branch autonomy theory ( 16 ), 
whereby branches cannot become a sink for carbohydrates pro-
duced elsewhere in the crown, and branches die as their solar 
energy capture is insufficient for a positive net C balance. The 
outcome is readily observable in even-aged single-species stands. 
This approach empirically quantifies branch turnover (kg y−1 ) 
based on a combination of the annual ascent rate of the crown 
base (m y−1 ) and branch biomass density in the lowest crown 
portion (biomass per unit length; kg m−1 ). Because shade-related 

turnover can also occur within crowns unrelated to the crown 
ascent, the crown ascent approach provides a conservative estimate 
of branch turnover, relevant from the time crown ascent begins 
(commonly after canopy closure) until height growth and crown 
ascent slows to a stop. We thus estimated how much the crown 
ascent approach underestimates true branch turnover via mortality 
above the ascending base, using a unique dataset of 12 y of direct 
measurements of annual branch turnover based on >3,000 
branches along the entire crowns of 80 shade-intolerant Pinus 
taeda  trees ( 17 ). In addition, based on widely used process-based 
models, a “big-leaf” model, PREBAS ( 18 ), and a vegetation demo-
graphic model, Ecosystem Demography 2 (ED2) ( 19 ), we assessed 
how much stem biomass would be overestimated if C from branch 
turnover was misallocated to C accumulation in stems, the longest 
persistence tree-based C storage in forests.         

Results

Branch Turnover of Trees and Stands. We assessed field datasets 
in three ways: i) estimating annual branch turnover of monitored 
individual trees, ii) scaling the turnover to stands, and iii) 
quantifying contribution of branch turnover to branch NPP and 
total aboveground wood NPP.

 The distributions of the branch biomass density, crown ascent 
rates, branch turnover, and the annual turnover rate of branch bio-
mass (annual turnover per unit branch biomass, λB ; y−1 ) of individ-
ual trees were right-skewed and best fitted with a gamma distribution 
( Fig. 2 A –C  ) ( 15 ). λB  varied among species, ranging from 0.7% y−1  
in suppressed, shade-tolerant boreal Picea abies , taking 143 y to 
replace all branches, to 176% y−1  of a shade-intolerant Eucalyptus 
grandis  in a tropical plantation, doing so in ~7 mo ( Fig. 2A  ). The 
variation of λB  among species was driven primarily by that of annual 
crown ascent rate ( Fig. 2B  ), which varied more than branch biomass 
density ( Fig. 2C  ).        

 Summing all individuals at each site, branch turnover was 
upscaled to the stand (i.e., to ground area;  Fig. 2 D –F  ). Across the 
plots of all experiments, stand-scale λB  was 14 ± 19% y−1  (mean 
± 1 SD, n = 278), ranging from 0.5% y−1  in the P. abies  forest to 
86% y−1  in the Eucalyptus  plantation, the latter replacing the entire 
branch biomass in 14 mo ( Fig. 2D  ). Applying site-specific allo-
metric equations to repeated field survey data, we found that 
branch turnover accounted for 51 ± 26% of branch NPP ( Fig. 2E  ) 
and 13 ± 9% of aboveground wood NPP ( Fig. 2F  ).  

Empirical Model of Annual Branch Turnover. We accounted for 
variation across sites using variables widely employed for describing 
growth dynamics in forests (height increment and stand density) 
in both empirical and modeling studies. Partitioning the data into 
two broad categories of shade tolerance resulted in clearly different 
estimates of λB and patterns explainable by height increment and 
stand density (Fig. 3). In stands of shade- intolerant species, λB was 
related to height increment following a 4- parameter logistic curve 
(Fig. 3A); the unexplained residuals were related to size- normalized 
stand density (Fig. 3B) (20). In stands of shade- tolerant species, 
a linear model was better than a logistic model (Fig.  3C) and 
the residuals were associated with actual stand density (Fig. 3D). 
Overall, these four independent variables (height increment, two 
stand density expressions, and species type) explained 96% of 
the total variation in λB across species, stand and site conditions 
(including different treatments), and biomes, showing no pattern in 
the residuals of predicted vs. measured values (SI Appendix, Fig. S1).

 Spatially, the ratio of branch turnover to branch NPP and to 
aboveground wood NPP decreased with increasing crown 
length-to-tree height ratio (SI Appendix, Fig. S2 ), with similar 

CO2

branch litterfall

mortality before T0

mortality between T0 & T1

live biomass from T0

crown at T1

crown at T0

replacement (turnover)
increment

crown ascent

NPP = increment + turnover

in situ mass loss

Fig. 1.   Schematic description of the crown ascent model. New branches are 
produced where there is sufficient light, creating deeper shade mostly at the 
bottom of the crown. This causes mortality of low branches leading to crown 
ascent. Branches dying at the bottom are replaced with growth added to 
remaining branches, a replacement termed turnover. If the growth of the 
remaining and new branches exceeds branch mortality, the extra growth is 
termed increment. Dead branches often remain attached to stems for years 
to decades, undergoing in  situ mass loss before falling. The crown ascent 
approach empirically estimates branch turnover (kg y−1) based on the annual 
ascent rate of the crown base (m y−1) with branch biomass per unit crown 
length (kg m−1) at the lowest crown portion. This approach is a conservative 
estimate of branch turnover because shade- related turnover can also occur 
within crowns unrelated to the crown ascent.
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slopes in both shade-tolerant and -intolerant species (P  = 0.374 
relative to branch NPP; P  = 0.057 relative to the wood NPP).  

Evaluating the Crown Ascent Approach and Estimating 
In Situ Mass Loss of Dead Branches. Using 12- year- long direct 
measurements of annual branch turnover along entire crowns of 
P. taeda trees, we found that the crown ascent approach captures 
84 ± 2% of true branch turnover, occurring in the bottom 20% 
of the crown, regardless of crown shape or size (both varying 
among irrigation × fertilization treatments; line forced through 
zero, intercept P = 0.093; n = 781; Fig. 4 and SI Appendix, Fig. S3). 
We also estimated the amount of C lost from dead branches while 
attached to trees at another P. taeda forest, the Duke Free- Air CO2 
Enrichment (FACE) site, as the difference between the estimated 
branch turnover and the sum of branch litterfall and changes of 
attached dead branch pool (Fig. 5). We calculated two estimates, 
one based on the crown ascent model only and one including an 
estimate of within- crown branch turnover (+19%), not captured 
by the crown ascent. The in  situ mass loss during the period 
between branch death and fall was estimated as 27 ± 16% (mean 
±1 SE; n = 4) of the branch turnover, or 38 ± 13% when within- 
crown turnover is included (Materials and Methods).

The Effect of Branch Turnover on Modeled Stand C Sink. Not 
accounting for branch turnover in the 100- y- simulation of biomass 
accumulation, thus directing the ignored branch biomass turnover 
to stem biomass production, PREBAS and ED2 overestimated 

stem biomass of the shade- tolerant species by 19% and 9%, 
respectively (Fig. 6 A and B). Ignoring the branch turnover caused 
a greater stem biomass overestimation of shade- intolerant than 
shade- tolerant species, amounting to 23% and 21%, respectively 
(Fig. 6 C and D). Although PREBAS and ED2 were parameterized 
and developed completely independently and had different model 
structures, their estimates of P. abies stem biomass accumulation 
when branch turnover is included were within 16% of each other 
over 100- y- simulation period, averaging within ~2% deviation 
from empirical yield table (21). Branch turnover affected aspects 
of stand structure other than biomass. In ED2, adding branch 
turnover caused stand density (the number of trees per unit 
ground area) to be 5% larger in the P. taeda stand and 10% larger 
in the P. abies stand after 100 y.

Discussion

 Branch turnover has been largely ignored in experiments and 
monitoring studies of forest ecosystems, and most models of tree 
growth, stand dynamics, and ecosystem C cycling (SI Appendix, 
Table S2 ). Based on our extensive datasets, we demonstrated that 
14 ± 19% of the branch biomass is turning over annually with the 
ascent of the crown base (reaching 90% in a fast-growing 
 Eucalyptus  plantation;  Fig. 2 ), consistent with findings from the 
few published studies ( 12 ). This crown ascent associated branch 
turnover amounted to 13 ± 9% of aboveground wood NPP (reach-
ing ~30% in Pseudotsuga menziesii  plantations;  Fig. 2F  ). Such high 
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Fig. 2.   Variable distributions at consecutively measured individual trees (A–C) and scaled plots (D–F). Distributions at measured individual trees of (A) annual 
turnover rate of branch biomass (λB), (B) annual ascent rate of crown base, and (C) branch biomass density per unit length of the live crown section at the bottom 
of the live crown. Distributions at scaled plots of (D) λB, (E) branch turnover (TurnoverB) relative to net primary production (NPP) of branches (NPPB), and (F) that 
of aboveground wood NPP (NPPWa). Variables follow gamma distributions (solid lines), of which shape and scale were estimated based on mean (circles) and 
variance of the variables. Symbols with error bars represent averaged values for each site and ±1 SD, respectively, based on spatial variation among measured 
individual trees averaged across the monitoring periods (A–C) and among plots within a site (D–F). Detailed information on the abbreviation of each site and 
value estimates is given in SI Appendix, Tables S3 and S5.
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quantities demand attention. Although one forest growth model 
included branch turnover as early as 1997 showing that accounting 
for branch turnover improved predictions of height increment 
and biomass production ( 14 ), most models have ignored branch 
turnover.

 We demonstrated using two differently structured forest growth 
models that ignoring the branch turnover may result in overesti-
mation of stem production ( Fig. 6 ). Absent branch turnover, cal-
ibrating either model by forcing a match with observed stem 
biomass accumulation, the C unallocated to branch turnover 
would have been allocated to other processes. In such case, ignor-
ing branch turnover in model simulations would potentially result 
in overestimation of respiration, C allocation to mycorrhizal and 
other rhizosphere organism ( 22 ), or turnover of other organs. 
Otherwise, it would require model adjustments causing underes-
timation of canopy photosynthesis. The two models used here had 
different treatments of allocation and branch turnover. PREBAS 
included crown ascent and subsequent branch turnover. Given 
the model structure in PREBAS, we deliberately reallocated to 
stems the NPP saved by ignoring branch turnover, making the 
increase in stem growth an upper limit. Consistent with earlier 
PREBAS results ( 14 ), height growth rates and maximum height 
become more similar to observations when branch turnover is 
included. The other model we used, ED2, does not include branch 
turnover in its default version. In this way, it is similar to many 
other current models (SI Appendix, Table S2 ). When we imple-
mented branch turnover in this study, allocation to branches was 
prioritized at the same level as allocation to stem but had a lower 
priority than allocation to leaves and fine roots (Materials and 
Methods ). The simulated branch turnover in ED2 was an emergent 
process based on individual-tree height increments and allometric 
relations. ED2 simulations showed that accounting for branch 
turnover reduces modeled C storage in the long-lasting stem bio-
mass pool, in turn affecting self-thinning and stand dynamics. 

Regardless of the model’s philosophy and structure, ignoring 
branch turnover is to the detriment of model performance and 
how closely model results match or estimate C pools and fluxes.

 Our empirical estimates based on the crown ascent approach 
assume that the mortality occurring at the bottom of crowns is 
replaced throughout the crown as the crown ascends ( Fig. 1 ). This 
approach is correct for the Eucalyptus  plantations, where most of 
the branches were replaced annually. In other sites, however, twigs 
and branches may die throughout the crown; moreover, when 
trees reach maximum height, most of the turnover may occur 
within the crown rather than at the bottom of the crown ( 16 ). We 
quantified the underestimation inherent to the crown ascent 
approach using a unique dataset on P. taeda  where irrigation and 
fertilization treatments caused a wide range of stand characteristics 
( 17 ). The stand was young, and the time series began at a low 
relative stand density, and thus, the crown ascent rate was lower 
for this shade-intolerant species than under typical, higher-density 
conditions. As a result, turnover in the crown unrelated to the 
crown ascent contributed a relatively high proportion (16%) of 
the branch turnover, a quantity that was similar in all treatments 
( Fig. 4  and SI Appendix, Fig. S3 ). Until similar studies are per-
formed, this may be used for similar species as the upper limit of 
branch turnover unaccounted for by the crown ascent. We note 
that the estimate we offer does not include the mortality from 

A
Shade-intolerant species

r2=0.91; p<.001
0 2 4

0.
0

0.
5

1.
0

�B
 (y

1 )

Height increment (m y 1)

RD
RO
FR

CC
SL
DK

T20
T22
T30

FV
MT
ML

NÕ
JÄ
OK

B

r2=0.51; p<.001
0.0 0.5 1.0 1.5

0
1

2
R

el
at

iv
e 

re
si

du
al

s

Relative stand density

C

Shade-tolerant species

r2=0.43; p<.001
0.0 0.2 0.4 0.6 0.8

0.
00

0.
04

0.
08

Height increment (m y 1)

BR
EB
GÄ

GR
MÖ
FL

FR
DK

D

r2=0.41; p<.001
1000 2000 3000

0
1

2

Stand density (stems ha 1)

�B
 (y

1 )

R
el

at
iv

e 
re

si
du

al
s

Fig. 3.   Relationships for stand- scaled variables between (A and B) annual 
turnover rate of branch biomass (λB) and annual height increment and between 
(C and D) relative residuals (observed/predicted) and relative stand density to 
the theorical maximum density (shade- intolerant; C) and actual stand density 
(shade- tolerant species; D). Symbols with error bars represent averaged values 
for each treatment and ±1 SD, respectively, based on spatial variation among 
replicated plots. Parameters were estimated based on replicate plots and are 
presented in SI Appendix, Table S4. Different symbols indicate treatments (see 
details in SI Appendix, Fig. S2).

A
Pinus taeda

0.0 0.1 0.2

0.
0

0.
5

1.
0

Proportional branch biomass

R
el

at
iv

e 
br

an
ch

 p
os

iti
on

w
ith

in
 c

ro
w

n

B
SETRES, 1991-2002

0.0 0.5 1.0
Proportional branch turnover

C I F IF

Fig. 4.   Vertical distribution of (A) live- branch biomass and (B) turnover of 
individual trees from the SL site. In the SL site, branch turnover was directly 
measured annually for 12 y. (A) Vertical distribution of live- branch biomass 
as a proportion of the total branch biomass and (B) branch turnover in each 
crown layer as the proportion of total crown branch turnover. Vertical branch 
position was normalized to the crown length (0, Bottom; 1, Top of the crown). 
C, control; I, irrigation; F, fertilization; IF, irrigation and fertilization.

Branch carbon dynamics Duke FACE, 2006-2010

increment

NPP Turnover F WDB Mass loss

0
10

0
20

0
30

0

Branch compartment

C
ar

bo
n 

flu
x 

(g
 C

 m
2  y

1 ) Within-canopy turnover

Mass loss / Turnover

27 ± 16%
38 ± 13%

Fig. 5.   Branch carbon dynamics in the Duke FACE site. Net primary production 
(NPP) of branch biomass, turnover of branch biomass, branch litterfall (F), 
annual changes of attached dead branch biomass pool (ΔWDB), and in situ 
mass loss of dead branches, the latter estimated as turnover − (F + ΔWDB). 
Branch NPP is the sum of branch biomass increment estimated based on 
allometric functions and turnover. The F and ΔWDB were stable over the 
monitoring years (2006–2010; SI Appendix, Fig. S4). Based on the SL site data, 
within- canopy branch turnover was estimated as 19% of the crown ascent- 
induced branch turnover (dotted orange bar; for detailed analysis, see Fig. 4 
and SI Appendix, Fig. S3).D
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diseases, insects, and severe weather events, and is not applicable 
to trees reaching maximum height and stable crown base.

 Why has the turnover of branch biomass been given so little 
attention, or treated so casually in modeling? The likely culprit is 
the scarcity of reliable data demonstrating the significance of this 
flux ( 12 ,  23 ). The reason for this, in turn, is that branch turnover 
is difficult and time consuming to measure well. Indeed, the quan-
tity typically measured in forests is branch litterfall ( 24 ), not 
branch turnover. However, during the period between death and 
fall, branches are losing mass to insects and microbial decomposers 
at a rate which varies dependent on branch properties and the 
environment. Not surprisingly, branch litterfall greatly underes-
timates branch turnover; in one temperate forest, branch litterfall 
accounted for only 14% of branch turnover ( 25 ). Thus, branch 
litterfall, sometimes used as a proxy for branch turnover, may cause 
a significant bias in estimates of component C fluxes.

 Nevertheless, measurements of branch litterfall can be useful 
under certain conditions for estimating mass loss in situ. This 
estimate can be added to component-based estimates of ecosystem 
respiration and compared to eddy covariance measurements for 
assessment of the C budget closure. For example, under conditions 
in which the accumulation rate of attached dead branch biomass 
is known, the amount of mass loss of these branches can be esti-
mated as the difference between branch turnover and a sum of 
branch litterfall and the increment of the attached dead branch 
pool. Based on the detailed Duke FACE P. taeda  data over the 
five-year period during which canopy leaf area ( 26 ), buildup of 
dead branch biomass, and litterfall were stable (SI Appendix, 
Fig. S4 ), we found that 67 g C m−2  was lost annually before 
branches fell when including the within-crown turnover for this 
species ( Fig. 5 ). This represents in situ mass loss equivalent to 
122% of fine root turnover ( 27 ) and 4% of eddy covariance-based 
estimate of ecosystem respiration at the site ( 28 ).

 The rate of annual branch turnover per unit branch biomass 
(λB ) is useful for constraining other portions of the C cycle in 
forest ecosystems. For example, Muukkonen & Lehtonen ( 29 ) 

devised a λB  model based on stand age for shade-intolerant P. 
sylvestris  (averaging 2.7% y−1 ) or a fixed rate of 1.3% y−1  for 
shade-tolerant P. abies . Our empirical λB  model is based on vari-
ables reflecting the physiological response to increasing shading 
from the crown above (height increment;  Fig. 3 A  and C  ) and 
neighboring trees (stand density;  Fig. 3 B  and D  ). The variables 
explaining 96% of the spatial variation in λB  are commonly avail-
able from field measurements ( 30 ) and are used in most models 
( 3 ,  11 ), thus simplifying their incorporation in current projects 
and models. We note that data for estimating interannual variation 
in both height growth and branch turnover are rare. Based on the 
most detailed study on branch demography of P. taeda  ( 17 ), inter-
annual variations in both quantities were small, and the coefficient 
of variation, CV, of λB  (6%) was much smaller than the spatial 
variation observed among stands of the same or different species 
( Figs. 2  and  3 ). Indeed, the variation in λB  is primarily driven by 
variation among sites, which are much larger than those observed 
within sites even including water and nutrient manipulations (CV 
of site-specific λB  averaging 10%, ranging 2 to 37% among all 
sites vs. 64% among species × sites). Thus, both temporal and 
within-site spatial variations are small relative to those among 
species × sites. Although this work is aimed primarily at coarse-scale 
modelers, we encourage experimentalists to add the necessary 
measurements so more robust datasets are created, allowing a bet-
ter definition of temporal and local variation.

 The relationships we offer are mostly based on data from 
even-aged forests composed of one or two species, precluding a 
thorough evaluation of the crown ascent model in multi-species, 
multi-aged stands of complex structure, or angiosperm species 
that have branching stems with diverse branch architectures. Two 
stands (FR and DK) represent the more typical conditions of 
mixed-species and ages, and only one stand represents angiosperm 
species with branching stems (OK). For FR and DK stands, we 
computed the stand density of subcanopy species based on the 
number of all trees in a plot because incoming light to the sub-
canopy is affected by the density of canopy trees ( 31 ), while the 
density of canopy species was computed based on their number 
only. This approach to accounting for density effects on branch 
turnover in different canopy layers of mixed-species stands seems 
promising and the crown rise approach seems applicable regardless 
of branching architectures because there was no indication of bias 
in the residuals of these stands when employing the general model 
(SI Appendix, Fig. S1 ). The model may have worked in OK site 
because angiosperms growing in closed canopy stands, even those 
with multiple stems, grow principally upward and together, result-
ing in branches being replaced in a similar way as for single-stem 
trees. Nevertheless, including measurements of crown ascent and 
branch biomass density of the lower crown in forest productivity 
studies is a necessary step in reducing the uncertainty of NPP 
estimates and validating generality of the crown rise approach 
across plant functional types.

 Our analysis shows that branch turnover plays a substantial role 
in C cycling across forest types, a large yet likely underestimated 
amount due to within-crown turnover unrelated to the crown ascent 
( Fig. 3 ). Considering our sites and species representative of global 
forests, we extrapolated the findings globally based on the average 
fraction of branch turnover to aboveground wood NPP (16 ± 12%) 
and forest-type area-weighted mean global ratio of aboveground 
wood NPP to total NPP (37 ± 3%; SI Appendix, Table S1 ). This 
estimate suggests that global branch turnover may amount to 1.9 
± 0.8 Pg y−1 , or 6 ± 2% of the global forest NPP (32.2 Pg y−1 ) ( 2 ), 
equivalent to a 79 ± 31% of the global forest C sink (2.4 Pg y−1 ) 
( 1 ). A more conservative, lower-bound estimate of 0.36 ± 0.14 Pg 
y−1  (1.1 ± 0.4% of NPP; equivalent to 15 ± 6% of the global sink) 
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is obtained when assuming no crown ascent and accounting only 
for within-crown turnover (~3% of aboveground wood NPP). The 
current imbalance in the global C budget (−0.6 Pg y−1 ) ( 3 ) is caused 
by either underestimated sources or overestimated sinks. In the latter 
case, the uncertainty is largely attributed to uncertainty in the land 
sink strength ( 3 ). Considering these quantities, reallocating C from 
longer-term storage in stems to faster turning-over branches may 
help reduce this imbalance and motivates the incorporation of 
branch turnover into the C cycle assessments.

 We recommend revising the sampling protocol of projects 
focused on biomass production, and C cycling and storage in 
forest ecosystems. At a minimum, tasks should be amended to 
include measurements to estimate the ascent rate of crowns and 
the branch biomass density per unit crown length at the lower 
crown. Additional sampling would allow estimating the C pool 
of attached dead branches and branch litterfall over time and, in 
turn, CO2  loss to the atmosphere from in situ branch consump-
tion by insects and decay. Also needed are modifications to existing 
models, allowing a more realistic partitioning of production 
between stems and branches. Given the observed dependence of 
branch turnover on height increment and stand density, such 
modifications should be especially tractable in size-structured for-
est and vegetation models ( 11 ).  

Materials and Methods

Data Sources and Estimation of Biomass and Net Primary Production. 
Consecutive measurements of dimensions of individual trees and derived site- 
specific allometric functions are essential for the analyses. We obtained datasets 
that (i) were accompanied by on- site tree harvests to derive site- specific allometric 
functions and branch biomass distribution along crowns and ii) included annual 
or periodic measurements of stem diameter, tree height (H), and height to the 
base of live crown made on each tree within a defined ground area. Together, 
these allow estimation of the ascent rate of the crown base, branch biomass 
turnover, and annual increment of branch and stem biomass.

The datasets matching the above requirements represent 183,738 individual 
trees and 1,077 on- site harvested sample trees from 278 treatment plots across 
21 forests in four tropical, six temperate, and 11 boreal climates of commer-
cially important species, in addition to a tropical mangrove forest (SI Appendix, 
Table S3): Pinus sylvestris [three sites, RD (32), RO (33, 34), and FR (35–37)],  
P. taeda [three sites, CC (38), SL (17), and DK (26)], E. grandis [three sites, T20, 
T22, and T30 (39)], Pseudotsuga menziesii [three sites, FV (40), MT, and ML (41)], 
Populus tremula × tremuloides [NÕ (42)], Betula pendula [JÄ (43)], Bruguiera 
gymnorrhiza [OK (44)], and Picea abies [seven sites, BR, EB, GÄ, GR, MÖ (45, 46), 
FL (47, 48), and FR (35–37)]. Datasets cover stand age between 4.6 to 100 y and 
observation periods lasting 1.6 to 14 y.

Using the harvested, sample trees, we developed site × treatment- specific 
allometric functions for branch and stem biomass using stem diameter at 1.3 
m (D) and H or length of live- crown (LC) as independent variables (SI Appendix, 
Tables S6 and S7 and Fig. S5). Crown of each harvested tree was vertically divided 
into 3 to 7 equal length strata (one stratum for E. grandis), and a relative propor-
tion of branch biomass at each stratum to total branch biomass was estimated. 
Applying the allometric functions to the repeated measurements of each standing 
tree’s dimensions, we estimated their branch and stem biomass. Annual net bio-
mass increment was estimated as the difference in biomass between two meas-
urement years divided by the number of years in the interval. Branch biomass 
density of the lowest crown section (branch biomass per unit length in kg m−1) 
was estimated based on a combination of branch biomass estimates of the tree, 
the proportion of branch biomass of the lowest crown section, and the length of 
the stratum. Following a crown ascent approach (13–15), branch turnover was esti-
mated based on branch biomass density of the lowest crown section, multiplied 
by the annual ascent rate of the crown base (m y−1). The annual turnover rate of 
branch biomass (λB) was defined as annual branch turnover per unit standing 
branch biomass at the start of the year. Net primary production (NPP) of stem or 
of branches was estimated as biomass increment plus turnover (kg tree−1 y−1).

Scaling to ground area (stand) at six sites (T20, T22, T30, SL, DK, and NÕ) where 
H and LC were measured on all trees, we summed quantities estimated for the 
individuals and divided the sum by the plot area. In the boreal sites (RD, RO, FR, 
BR, EB, GÄ, GR, MÖ, and FL) and northwestern pacific MT, ML sites, H and LC were 
measured on a subset of trees (between 6 and 35 per plot × year, or ~20% of total 
number of trees; SI Appendix, Table S8), while D was measured on all the trees. 
Using the measured dimensions of the subsets, we developed a H- D relationship 
for each plot × treatment × year combination, following Näslund’s relationship 
for boreal sites (49) and a power function for the MT and ML sites (SI Appendix, 
Fig. S6). LC was estimated using a relationship between live- crown ratio (LCR; LC 
H−1) and D obtained in each sampling subset, unless the slope of the relationship 
was not different from 0, in which case mean LCR was used. Applying the H- D 
relationships and LCR, we estimated both H and LC of all trees in these sites. For 
the CC and FV sites, D and H were measured on all trees, but height to the base of 
live crown only on a subset of trees. We therefore used the same approach as in 
the boreal sites to estimate LC for the remaining trees. For JÄ site, measurements 
were made on D, H, and LC in 2019 but only D and H were measured in 2017. 
In addition, 12 and 14 trees were destructively harvested in 2019 and 2017, 
respectively. To predict LC, we developed a H- LC relationship for each year using 
the harvested sample trees. The model was validated against the measured LC 
in 2019 (r2 = 0.972, P < 0.001; SI Appendix, Fig. S7). We then predicted LC 
of all trees for each year based on a combination of the relationships and the 
measured H. In the analysis, we used predicted LC for both years. Measured D 
and H, and estimated LC were used to estimate stem and branch biomass and 
annual net increment between sequential measurements, and turnover, which 
were summed and divided by the ground area to scale up to a stand level (kg 
m−2 and kg m−2 y−1, respectively).

Evaluation and Sensitivity Analysis of the Crown Ascent Model. To evaluate 
the accuracy of the crown ascent model, we analyzed the dataset on P. taeda from 
the SL site with four fertilization × irrigation treatment combinations (17). In the 
experiment, demography of >3,000 branches had been monitored annually for 
12 y, tracing individual branch and twig and quantifying turnover, on five trees 
in each of 16 plots (900 m2 each), recording the vertical position, year of death, 
and biomass. We estimated gross production (live and dead biomass) and net 
production (live biomass) of branches with an increasing number of vertical crown 
layers, and the total annual branch turnover for each tree (SI Appendix, Fig. S3). 
Using these estimates, we first quantified potential errors of the crown ascent 
model by estimating vertical distributions of branch biomass and its turnover, 
within the crown.

When trees are harvested to characterize crown structure, the crown is typi-
cally divided vertically into several equal strata (33). The number of strata into 
which the crown is partitioned affects the mean branch biomass density at the 
lowest crown section, thus affecting the estimated turnover using the crown 
ascent approach. We performed a sensitivity analysis of branch biomass density 
(biomass per unit crown length of the lowest layer), partitioning the crowns to an 
increasing number of crown strata (SI Appendix, Fig. S3). Our analysis showed that 
model predictions based on gross- branch biomass density (in which dead and live 
branches are combined along the crown) were consistently in a good agreement 
with the observations regardless of the number of strata (SI Appendix, Fig. S3A), 
suggesting that using the gross density at the base of the crown coupled with a 
fixed crown ascent rate, overestimated branch turnover at the bottom by a similar 
amount to the mortality occurring throughout the crown. However, such detailed 
information is extremely rare. A more practical approach is to model branch turn-
over based on live- branch density at the crown base. This analysis showed our 
estimate to be linearly related to the observations yet reflected underestimation 
regardless of the number of crown layers. The changing biomass density with 
increasing number of layers coupled with the distribution of branch turnover 
along the crown resulted in increasing negative bias in estimation of branch 
turnover, ranging from the above- mentioned 84% of observed values using three 
layers to 74% (SE = 1.7%) using nine (inset SI Appendix, Fig. S3B).

Analysis of the Spatial Variations of the Annual Turnover Rate of Branch 
Biomass (λB). We evaluated the spatial variability potentially caused by species, 
site, and treatment, after finding smaller temporal variation relative to the spatial 
variation in the detailed data from SL site (coefficient of variance 6% vs. 13%, 
respectively). Moreover, in slow- growing forests such as those in our boreal sites, D
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interannual variation of crown ascent rates may be as small as the measurement 
uncertainty; we therefore calculated mean branch biomass and annual turnover 
over multi- year measurement periods. Cross- site variation of λB, separately for 
shade- intolerant and - tolerant species, were related sequentially to two inde-
pendent variables, annual height increment as a proxy of site productivity, and 
stand density (the number of trees per unit ground area) as a proxy of competition 
and related mortality. For shade- intolerant species, we employed a 4- parameter 
logistic function and annual mean height increment as the best predictor varia-
ble. Because of the large variation of productivity among sites and species, the 
variance of the residuals increased with increasing predicted values and were 
thus normalized by the response variable. Model selection was determined 
based on residual distribution and the coefficient of determination. Variation of 
the normalized residuals were then regressed against relative stand density; an 
expression calculated as the current stand density divided by a theoretical maxi-
mum density of trees of the same mean size, the latter dependent on species. We 
used Reineke’s model (20) to estimate the maximum stand density for each plot 
with a default coefficient of 1.605, excepting boreal (1.660) (50) and mangrove 
(1.618) (44) plots. For shade- tolerant species, linear regressions were used with 
annual mean height increment, and the normalized residuals were related to 
actual stand density. The final residuals were then analyzed using a generalized 
linear model to examine the effects of treatments on λB for each site.

We related the ratio of branch turnover to branch NPP and to NPP of 
aboveground wood biomass to the live- crown ratio using a linear regression.

Estimation of In Situ Mass Loss of Attached Dead Branches. We obtained 
measurements of branch litterfall from the Duke FACE site (26, 51) in which 
atmospheric [CO2] was elevated by 200 ppm in four plots (n = 4 each in ele-
vated and ambient treatments), and half of each plot was supplied annually with 
ammonium- nitrate. Litterfall collection and processing was fully described in ref. 
51. We concentrated on the final five- year period (2006–2010) during which 
canopy leaf area, branch turnover, annual buildup of dead, attached branches, and 
litterfall were stable (SI Appendix, Fig. S3), and the crown base is high (the height 
to crown base ranging from 14.0 to15.5 m over the five years). Dead branch pools 
that are attached to stems were predicted based on allometric equations for dead 
branches (SI Appendix, Fig. S8). We estimated mass lost in situ as

[

Turnover−
(

F+ΔW
DW

)]

× 0.507,

where F is branch litterfall, ΔWDW is change of attached dead branches, and the 
constant is C concentration of dead branches at the site (50.7 ± 1.7% of dry mass). 
We then contrasted the mass loss in the ambient- unfertilized (i.e. the reference) 
plots with annual fine root turnover (130 g DW m−2 y−1) (27) of which C content 
amounted to 43.08 ± 1.52% and ecosystem respiration measured by the eddy 
covariance technique (1,656 g C m−2 y−1) (28).

Branch Turnover in the Context of Global Forest Net Primary Production 
and Carbon Sink. We contrasted branch turnover with estimates of global forest 
NPP of 32.2 Pg C y−1 (2) and forest C sink of 2.4 Pg C y−1 (1). Global forest fine 
root NPP (7.9 Pg C y−1) (9), and foliage NPP (9.4 ± 0.5 Pg C y−1) and aboveground 
wood biomass NPP (11.8 ± 0.4 Pg C y−1) were estimated based on the mean 
annual NPP for each biome multiplied by the corresponding area (SI Appendix, 
Table S1) (5). Errors of the estimates were propagated based on a combination 
of the original source of NPP (5) and our error estimates of the mean ratio of 
branch turnover to aboveground wood NPP (Fig. 2F). Because of poor coverage 
of tropical species and stands, we extrapolated the findings globally based on the 
overall average fraction of branch turnover to aboveground wood NPP without 
including branch turnover (16 ± 12%) and forest- type area- weighted fraction of 
aboveground wood NPP to total NPP (37 ± 3%; SI Appendix, Table S1)—biome- 
specific weighted fraction of branch turnover to aboveground wood NPP was 
estimated as 21 ± 9%.

Statistical Analyses. All statistical analyses were performed using R (v. 4.2.2): 
The nls function was used to estimate the parameters of the 4- p logistic regres-
sion, lm for linear regression, and lme in the nlme package (v. 3.1- 163) for 
split- plot ANOVA tests. Residual distributions were checked visually by plotting 
against predicted values and determined using shapiro.test and gamma_test 
functions in the goft package (v. 1.3.6). The glm and anova functions were used 
to determine the effect of treatments on the residuals. Estimated parameters of 

λB model are presented in SI Appendix, Table S4, and mean estimates and SD of 
each treatment- site are presented in SI Appendix, Table S5.

Model Simulations. PREBAS combines a forest growth model (14, 52), and a 
forest gas flux model (53) to simulate forest growth based on its C balance. The 
tree growth model is cohort- based and can be applied to different stand struc-
tures (54) but is here used as a stand mean- tree model by species, applied to 
shade- intolerant Pinus sylvestris or shade- tolerant Picea abies forest. The model 
derives growth from C acquisition and allocation at an annual time resolution. 
Mean trees are described in terms of 13 variables, including biomass components 
and crown, stem, and root system dimensions. Growth is assumed to follow from 
net annual photosynthesis, allocated to the different biomass components to 
maintain structural rules. The gas flux model is an ecosystem model of interme-
diate complexity (53) at a daily time- step interlinking gross primary production, 
evapotranspiration, and soil water. The gas flux model has been calibrated using 
gross primary production and water balance data from 10 eddy covariance sites 
in Fennoscandia (55) and the whole PREBAS model has been calibrated using 
growth experiments in Finland (21).

Branch mortality is an integral part of the PREBAS model (52, 56). The model 
describes the tree as consisting of foliage, fine roots, and wood. Wood is divided 
into branches, coarse roots, and stems, and the stems are further divided into stem 
inside the crown and stem below the crown. Foliage mass is linked through the 
pipe model to cross- sectional area at crown base, and branch mass also depends 
on this cross- sectional area, as well as mean branch length. In addition, an allo-
metric relationship is assumed between foliage mass and crown length. The 
processes of height growth and branch replacement are tightly related. When 
trees compete for light, growing taller and increasing leaf area at the crown top, 
bottom branches are shaded and die. As branches at the base of the crown die, 
trees replace their leaf area by growing taller, accommodating new branches 
and allometrically forcing increase in diameter. PREBAS uses remaining light 
at crown base as a measure of competition; with increasing competition and 
branch mortality at the base of the crown, PREBAS allocates C to branch production 
replacing these branches throughout the crown as well as extending the crown 
upward. The end result is an ascending crown accompanied by investment of C 
in height and diameter increment. Because branch turnover is an integral part 
of the model, it cannot be “turned off”—other than assuming no crown ascent, 
such as in an unshaded situation. In order to analyze the significance of ignoring 
branch turnover with PREBAS, we simulated stand growth using the standard 
model, calculated the annual branch turnover predicted by the model, and then 
added this to stem growth. The result indicates how much more stem growth 
would be predicted if branch turnover was not accounted for but instead, the C 
used for the turnover was used for stem growth.

The simulations were carried out for Picea abies and Pinus sylvestris stands 
in southern Finland, starting from a planted seedling stand and simulating for 
100 y without management. In both cases, the sites were on a medium fertility, 
moist, herb- rich site classified as Vaccinium myrtillus site (57). These sites are 
characterized by podzol soils with high sand or moraine content. We used daily 
weather data (photon flux density, mean temperature, vapor pressure deficit, and 
precipitation) interpolated from weather stations and representing the period 
1970–2000, which was repeated to cover the whole period. The data came from 
the Finnish Meteorological Institute.

The Ecosystem Demography 2 model (ED2) (19, 58) falls within a class of mod-
els called “Vegetation Demographic Models”(11), which means that it explicitly 
simulates demographic variation. Thus, the model resolves competition between 
plant functional types, variation in tree growth rates within a stand, and varia-
tion of tree growth rates across stands of different densities. ED2 has been used 
to simulate temperate forests of the United States (19, 59), boreal forests (60), 
and tropical forests (61–64). The model conceptualizes vegetation in terms of 
“cohorts.” A cohort is a collection of plants of the same size and species located in 
the same resource environment. Cohorts compete for light, water, and nutrients 
and the model computes rates of resource acquisition. After acquiring resources, 
cohorts increase in size and reproduce. Size growth is characterized by increases in 
stem diameter, height, wood biomass, and maximum leaf biomass according to 
allometric relationships (58). Growth in ED2 takes place in two stages, and the first 
stage is cohort- level growth of leaves and fine roots. Leaves and fine roots grow 
simultaneously according to a prescribed leaf- to- fine root ratio. Each cohort has 
a maximum leaf (and fine root) biomass that is determined by its stem diameter. D
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The model prioritizes allocation to leaves and fine roots over allocation to wood 
until the leaf and fine root biomass pools reach their allometrically- defined tar-
gets. The second stage of growth, involving stem, branches, and reproduction, is 
only reached if cohorts are at their maximum leaf and fine root biomass for their 
size. Thus, if branch turnover is neglected, ED2 can only allocate the C that would 
have gone to branch turnover to stem production and reproduction.

As a demographic model, ED2 requires an initial condition that corresponds 
to the current vegetation state. The minimum initial condition consists of stem 
diameter and species assignment for all the trees in the stand. Additionally, mete-
orological data must be provided to drive the model over the time frame of the 
simulation. These data include temperature, precipitation, CO2 concentration, 
relative humidity, pressure, wind speed, downward shortwave radiation, and 
downward longwave radiation. These meteorological drivers are typically pro-
vided at the 30-  or 60- min time scale. The minimum required soil information 
includes sand and clay content and %C.

We selected two sites for ED2 simulations. The first site was the shade- tolerant 
Picea abies site, the same southern Finland simulated by PREBAS. The second site 
was Duke Forest, where we simulated the development of a P. taeda stand. The 
published versions of ED2 do not explicitly include branch biomass or branch 
turnover. For P. taeda, we estimated branch biomass according to Gonzalez- 
Benecke et al. (65) using stem diameter and age as independent variables. For 
Picea abies, we estimated branch biomass according to Repola (66) using stem 
diameter and tree height as independent variables. We then carried out simu-
lations with and without branch turnover. Simulations without branch turnover 
corresponded to the current default version of the model, so no changes to the 
code were required. In simulations with branch turnover, we edited the code 
so that the annual branch turnover rate (λB) was prescribed using results from 
SI Appendix, Table S4 for both shade- intolerant and shade- tolerant species types. 
Allocation to leaves and fine roots took precedence over allocation to branches 
and stem, until leaves and fine roots reached their maximum pool size. We note 
that for these species, relative allocation to reproduction was small (<5%), so 
most of the C that would have gone to branch turnover goes to stem. We solved 
for branch and stem NPP simultaneously because of the explicit dependence of 
λB on annual height increment. ED2 requires sub- daily meteorological data as 
input, so we could not use the daily data from the Finnish Meteorological Institute. 
Therefore, for the Picea abies simulations, we obtained half- hourly data from the 
ECMWF ERA- 40 Reanalysis (Copernicus Climate Change Service 2022) (67). For 

the P. taeda simulations, we used data from an in situ weather station. For both 
sites and species, λB was an emergent process and depended on rates of cohort- 
level height growth. All simulations were carried out for 100 y.

Data, Materials, and Software Availability. Computation code (R) and data 
used for stand scale analyses have been deposited in SafeDeposit (68).
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