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Abstract

Litter input drives dynamic soil models that are used to understand the flows and stocks of soil carbon. In estimation of
above-ground litterfall, much of the uncertainty lies in the turnover rate of branches. The objective of this study was to develop
a model for estimating the branch litterfall of Scots pine stands.

Here the potential litterfall of branches was modelled as a function of tree diameter. First, the vertical biomass distribution of
branches was predicted on the basis of branch biomass data collected from trees sampled in southern Finland. Second, to predic
annual branch mortality and potential litterfall, this information was combined with data on measured changes in height of the
crown base.

Depending on stem dbh (diameter at breast height), the proportion of annual litterfall of branches from the total biomass of
branches varied from 6% to 0.5%, being highest in small trees. According to the results of this study, the litterfall of branches
depends on tree size and stocking density. When the estimates were tested against data on collection of branch litter, it was found
that the method underestimates litterfall in very old stands but agrees with the measurements in other stands.

Application of this model to rates of branch litter production improves the accuracy of the estimated litter input to the dynamic
soil model, therefore also improving the precision of soil carbon estimates.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Biomass turnover; Boreal forests; Branch biomass; Carbon sequestration; Dynamic soil carbon model; Litter

1. Introduction carbon budgets is the estimate of soil carbbiedth
and Smith, 200Pespecially litterfall estimated_{ski
Forest soil in the boreal zone has been proposed et al., 2002.
to be part of the missing sink of the global carbon In order to understand the changes in the soil carbon
budget [Liski et al., 2003. However, research groups pool, the dynamics of carbon fluxes must be quanti-
involved in the carbon flow studies of ecosystems have fied. Several research groups have quantified biomass
noted that one of the major uncertainties in the total and nutrient fluxes in forests stands based on litter
collection {iro, 1955; Malkdnen, 1974; Albrektson,
"+ Corresponding author. Tekt 358-10211-2362: 1988;. Kouki and Hokkanen, 1992; Berg et al., 1999
fax: +358-10211-2203. and litterfall data for ecosystem studies have been
E-mail address: aleksi.lehtonen@metla.fi (A. Lehtonen). compiled byReichle (1981andCannell (1982)Other
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approaches that quantify litter production, such as
needle retentionJalkanen et al., 199&nd dating of
branch mortality Kaguire, 1994 are also available.
Branch litterfall is an important but relatively un-
known input into the soil system. Data on needle
litterfall have been collected in various stands for

A. Lehtonen et al./Ecological Modelling 180 (2004) 305-315

2. Material and methods
2.1. Data

The material used in the study consisted of field
measurements of crown biomass, height of the crown

decades, but data on branch litter are scarce, verybase and litter production. The biomass of branches

site-specific and difficult to scale up to regional level.
Since inter-annual variation in the litterfall of a sin-
gle stand can be tremendouso(ki and Hokkanen,
1992 and the quantity and distribution (between
foliage and branches) of litterfall vary during the ro-
tation of forest standBerg and Meentemeyer, 2001

it is difficult to obtain reliable estimates of branch
litterfall with litter traps. Therefore, turnover rates
of branch biomass applied in studies of regional car-

and the vertical distribution of branch biomass were
modelled on the basis of biomass measurements
(VAPU database) collected by the Finnish Forest Re-
search Institute from southern Finland in 1988-1990
(Table 1. Most of the sampled stands (from the total
of 52) are located below 6datitude Fig. 1).

Three sample trees (with a dbh more than 5cm)
from the dominant canopy layer closest to the plot
centre were selected and felled. In the case of mixed

bon flow have been based on process model outputsstands, additional three sample trees from the second

(Karjalainen et al., 2002or on an average estimate
from compiled ecosystem studidsgki et al., 2002.

Current needs for reporting national carbon stocks
and stock changes according to the climate convention
and the Kyoto Protocol necessitate methods that al-
low estimation of carbon flows in vegetation and soil
over large areas. The forest inventory approach has
been essential for regional carbon budgeting where
the whole sampling network of the national inventory
is used for carbon estimation. Estimating less known
carbon flows (like litterfall) by utilising inventory data
improves the regional applicability and reliability of
these turnover estimates.

The objective of this study was to develop a model
for predicting the potential branch litterfall of Scots
pine trees in southern Finland.

Table 1

most dominant tree species were selected in the same
way and felled. The total number of felled trees per
plot varied between 3 and 6. The radius of the sample
plot varied among plots (from 5 to 13.78 m) and was
defined as the distance of the furthermost sample tree
plus 2 m, but was at least 5m. A total of 205 Scots pine
(Pinus sylvestris L.) trees from Scots pine dominated
stands were included in the analysiglle J).

The diameter of every branch on the sample trees
was measured. The sample branches were selected
randomly, by dividing the number of living branches
by 10 (denoter). Random integer between 1 and
was then selected, and that integer indicated the or-
der of the first sample branch from the tip of the tree.
The rest of the sample branches were selected with
an interval ofr rounded to the nearest whole number;

Description of biomass measurements (VAPU) and permanent samplégloin base height change) data. Including minimum, maximum
and average of basal are@)( stand age, diameter at breast height (dbh), tree heyhtifown base height (ch), branch diametdy #nd

branch biomassuf)

Data Statistics Stand Tree Branch
G (m?) Age (years) dbh (cm) h (m) ch (m) d (mm) w (9)
Biomass (VAPU) Minimum 3.5 8 4.9 3.2 0.1 8 1
Average 17.7 56 16 12.3 6.2 18.3 477.2
Maximum 37.5 158 43.2 27.5 21.2 68.5 5571.2
Permanent sample plots Minimum 0.7 2 4.3 2.6 0 - -
Average 15.7 24.2 12.6 9.5 3.2 — -
Maximum 48.8 101 42.7 225 10 - -

* Tree dimension measurements in 1985-1986.
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Fig. 1. Location of the sample plots. Triangles)(mark stands used for biomass measurement (VAPU), letters (A, E, H, K, N, P and

V) mark stands used for branch litter-collections (asTable 2, and black dots @) mark clusters of permanent sample plots with
measurements of crown base height, and in each of the clusters, there are four plots with a distance of 400 m between plots, while the
distance between clusters is 16 km.

and on average, 10 branches per tree were selectedbranch, separated from the other living whorls above
Furthermore, the dry weights of the second, fifth and by no more than one dead whorl.

eighth sample branches were determined in the labo- A dataset was also collected for validation of quan-
ratory, by drying samples for 48 h in paper bags with tify branch litterfall from seven stands across southern
temperature of 105C. Foliage was separated from Finland Fig. 1). With the exception of the Aulanko
branches after drying. In this study, branches of the stand, all stands are rather old (average ag&30
living crown that were less than 7.5mm in diameter years) Table 3. Again, except for Aulanko, the size
were excludedKorhonen and Maltamo (1990)ave and number of litter traps are fairly constamable 2.
described the sampling design and measurement meth-Kouki and Hokkanen (1992)lescribe the collection
ods in more detail. of litterfall in more detail.

Information concerning the crown base height was  Scaling up information in this study started from
measured on permanent sample plots established insample branches, and based on those measurements
1985-1986 and remeasured in 1995. The sub-samplethe biomass of remaining branches were estimated.
of permanent plots used in this study is located below After that, (i) the distribution of the vertical branch
62° of latitude, and it consists of 217 plots including biomass of tree crowns was modelled and generalised
a total of 583 measured Scots pin€sg( 1). The ra- for southern Finland. Thereafter, in order to estimate
dius of each of these plots is 4.89m for trees with the potential amount of branch litter, information on
dbh larger than 10.5 cm and 2.82 m for trees with dbh biomass distribution was combined with (ii) measure-
less than that. During 1985 and 1995 all trees from ment of the change in crown base height between
the plots were measured for dbh, crown base height 1985 and 1995Kig. 2), and finally, the estimated lit-
and tree heightTable 3. The change in height of the terfall of branches was compared with the measured
crown base was derived from the difference between (iii) branch litterfall. Models for branch biomass and
measurements in 1985 and 1995. The crown base washiomass distribution are presented with detail in the
defined as the lowest whorl with at least one living following sections.
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Table 2

Description of litterfall collection stands

Relative
branch

Maximum

Minimum

Average annual
branch litter

Estimated branch

Basal area  Stocking

Size of

Number of
litter traps

End of branch
litter-collection,
starting 1986

1999
2000
1988
1999

Stand
stand, 1986 measurement

(years)

Age of
43

Stand

annual branch
litter (Mg ha—1)

annual branch
litter (Mg ha—1)

biomass Karklund,
1989 (Mg ha—1)

m2ha~l)  (m hal)

each trap
(m?)

litter (%)

(Mg ha~ 1)

year

0.85

0.198
0.236
0.288

0.012

0.078

9.2
15.5

0.05 19.4 587

10
10
10
10
10

1995
1991
1991

Aulanko
Eckerd

0.93

0.065
0.052

0.144
0.142

584
136

26.7

0.5
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Fig. 2. Estimation of potential litterfall of brancheB, [Biot] based
on vertical distribution of branch biomass and annual change in
height of the crown base.

2.2. Biomass model for branches

The dry weight of each branch as a function of
branch diameter was modelled with a mixed linear
model. In order to avoid the influence of day-to-day
variation in weather conditions, the fresh weight was
converted to dry weight at the plot level. The mixed
model approach was justified by spatial trends and the
hierarchical nature of the data. The hierarchical levels
were plot, tree and branch. The tree and branch levels
were taken into account in the random part of the
model. The model was formulated as a compromise
between the best possible estimates for branch biomass
and the simplicity of the model. The dry weight of
branchi on treek (wy;) was modelled as the following
function of branch diametedy;)

Inwgi(d) =In Ag + Al[|h(dki)]o'22 + Inagy
+ay(In (@)% + In ey, (1)

where Ag and A; are fixed population parameters
(Table 3, while ag; anday;, are random tree param-
eters with zero expectations. Parameters were esti-
mated by the restricted maximum likelihood method
in a mixed procedureSAS, 1999. Parameters were
estimated in linear form, using logarithmic transfor-
mation, which was carried out due to heteroskedastic-
ity (Fig. 3). After the residual figures were examined,
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Table 3

Parameter estimates, standard errors Bnadhlues for the fixed
part of the branch biomass modélg. (1) whered is the branch
diameter andw the dry weight of a branch

Parameter Estimate S.E. P-value
InAg —36.1001 0.3973 <0.0001
Aq 32.5139 0.3100 <0.0001
Fixed part of Inwyi (d) =InAg +

the model A1[In(dy)]%%2

a slight bias with large branches was noticed, an
therefore the independent variable, dp(was fur-
ther transformed to the power of 0.22 by using the
Gauss—Newton method in the nlin proceduBAS,

1999. Model was based on 1702 sample branches and

therefore the impact of additional parameter (0.22)

for power of statistical tests due to reduced degree of

freedom was marginal.
To obtain unbiased mass predictions for each

branch, variance divided by 2 was added to the con-

stant Qp) as a correction factol@ppi, 1993. Vari-

ance was derived from estimates of the covariance
parameter and estimated separately for each branch.

Other model formulations were tested, e.g. the rel-
ative height of a branch in a crown in the fixed and in
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Fig. 3. Variation between trees from the total variation (a), based on
estimates of the covariance parametdiab(e 4. Branch biomass
(kg, excluding foliage) as a function of branch diameter, cm (b).
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Table 4
Covariance parameter estimates for the branch biomass model,

Ea. (1)

Var/Cov Estimate S.E.
Var(ap) 0.04830 0.007059
Cov(ap, a1) —0.5209 0.09070
Var(az) 5.8461 2.0193
Residual 0.1824 0.007060

Estimation was done with a centred independent variable,
where the average value was reduced from each observation,

g In@0)1°2 = S In @))%/ n.

the random part of the function. Plot level as another
hierarchy level for the random part was also tested,
but the log-likelihood test indicated that fit could not
be improved by choosing the alternative formulations.
Only a constant and the branch diameter were added to
the random part, and these were considered sufficient
to calibrate branch biomass estimates for each sample
tree. The quantity of variance components of previous
models were assessed by estimating covariance pa-
rameters with centred independent variaiable 4.

2.3. \ertical biomass distribution in a crown

The vertical distribution of branch biomass in tree
crowns was modelled based on estimates of branch
biomass. The live tree crowns were divided into 10
segments of equal relative length from the base to the
top of the crown (0-10, 11-20, ., 91-100%). There-
after, the proportion of total branch biomass for each
segment was estimated and modelled by non-linear
regression.

The model for the distribution of branch biomass
(s) was a function of relative heighib() and the crown
ratio (Cr)

s(hyr, cr) =(ao+ a1 x cr)(hr — 1)
+ (bo + b1 x ¢r)(h? — 1)

+(co4c1 x er)(hE = 1), )

whereag, az, bg, by, cg andc; are parameters and
crown ratio €;) is the length of the crown divided by
tree height. The relative height within the tree crown
equals 0 at the crown base and 1 at the top of atree. The
function above is such that when the relative height
approaches 1, the value of the function approaches O.
The parameters of the function were estimated by us-
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Table 5

Parameter estimates for the model of branch biomass distribution
with approximated standard erroisg. (2) wheres is the branch
biomass distributiong; the crown ratio and the relative height
between the crown base and the top

Parameter Estimate Approximated
S.EE.

ao -0.2172 0.1364

a 0.9709 0.2411

bo 0.1835 0.2911

by —1.5939 0.5150

Co —0.1468 0.1728

c1 0.7515 0.3060

Observations 1935

SSerror 5.0572

SSotal 30.6658

Model s(hy, ¢r) = (ap+a1 xcr)(h—1)

+ (bo+ b1 x ¢p)(h2 —1) +
(co+c1xe)(h®—1)

ing the Gauss—Newton method in the nlin procedure
(SAS, 1999. Other independent variables, like dbh
and tree height instead of crown ratio, were tried; but
according to residual statistics, crown ratio was supe-
rior to these variables.

In order to obtain a precise prediction of branch
biomass distribution for each tree and to have flexible
non-linear model, parameters with high approximated
standard errorsTable § for the model of biomass
distribution were accepted. This was also done due to
visibility of the influence of crown ratio to the model
shape.

2.4. Rise of the crown base and potential litterfall

The height of the crown base was measured from

A. Lehtonen et al./Ecological Modelling 180 (2004) 305-315

using Eq. (3) where#,, is the relative crown base
height at time 1. This gave an estimate of the propor-
tion of branch biomass lost as litteB,{ for each of
583 trees on NFI sample plots.

2.5. Estimating potential branch litter

A non-linear regression model was developed for
the proportion of biomass lost annually as litter due to
the rise of the crown base in each tree with measure-
ments of crown base height. The proportion of branch
biomass lost as litter®;) in the branch biomass was
modelled as a function of tree diameter (dbh)

B (dbh) = q x >0 4 4)

wherea, b andc are parameters. The parameters of
potential branch litter modeEg. (4) were estimated
by using the Gauss—Newton method in the nlin pro-
cedure §AS, 1999. To give an equal weight to each
observation and to improve the error estimation of the
model observations were weighted according to the
inverse of the modelled variance.

When covariance parameters were estimated for
the centred independent variable, each observation
of transformed branch diameter was reduced by the
average value of [Ia)]%22. This was done in order
to obtain unbiased estimates of the covariance param-
eters for evaluating the variation within and between
trees. Variance components were quantified to assess
the need of mixed model.

The influence of stand density on relative branch
litter was tested by including stand density as an in-
dependent variable in the non-linear model presented
in Eq. (5) The proportion of branch biomass lost as
litter (By) was modelled as a function of tree diameter

sample trees in 1985 and 1995. The annual change in(dbh) and stand density)

the height of the crown base was estimated from the

change between 1985 and 1995, which was assumed toBr(dbh n) =

(a+ ag x n) g(bxdbif) +c,

®)

proceed Uniformly. The distribution of vertical branch Wherea, ag, b andc are parameters_ These parameters
biomass in 1985 was estimated for each Sample treewere estimated by using the Gauss—Newton method

usingEqg. (2) By using vertical biomass distribution,
the amount of biomass lost due to annual increase in
the crown height was calculatedig. 2). The amount

of annually lost biomass was proportioned to the total
branch biomass distribution

hy,
_ fo “s(hy, cr) dhy

= , 3
f jols(hr, cr) dhy ©

in the nlin procedureAS, 1999.
2.6. Validation of potential litterfall

The proportion of total branch biomass lost as lit-
terfall for the litter-collection stands was estimated
by dividing the average annual litterfall by the esti-
mated branch biomass for each litter-collection stand.
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The average annual branch litterfall for these stands
was assessed starting in 198@ilfle 9, while branch
biomass was estimated by applying biomass equations
based on dbh and height froharklund (1988)o the
latest tree level data.

3. Results

Most of the variation in branch biomass was ex-
plained by branch diameteFig. 3). Parameter esti-
mates for the fixed part of the branch biomass model
were statistically significant with relatively low stan-
dard errors anéP-values {able 3. Variation between
trees was 20-50% of the total variation in branch
biomass, depending on the diameter of a branch
(Table 4 Fig. 3). The variation in branch biomass
within trees and between trees was taken into account
by applying a random parameter model.

The vertical biomass distribution of branches was
dependent on the crown ratiBi§. 4). Trees with rel-
atively long crowns had less branch biomass in the
lower part of the crown compared to trees with short
crowns. Two-thirds (64—68%) of the branch biomass
of Scots pine is located in the lower half of the crown.

100

50

Relative height from crown base to the top, %

T
10
Proportion of branch biomass in a crown, %

Fig. 4. Vertical distribution of the branch biomass of Scots pine
trees (crown ratioq;) varies from 0.15 to 0.85).
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biomass of trees as a function of tree diameter. Black dots are trees,
while letters (A, E, H, K, N, P and V) indicate litter-collection
stands, according to the first letter of the stafab(e 9. Arithmetic

mean diameters of these stands were used for comparison to the
tree level estimates. The horizontal reference line (2.7%), based on
biomass data compilation e Angelis et al. (1981as applied

by Liski et al. (2002)

Of total branch biomass, the proportion of annual
litterfall of branches varied between trees from 6% to
0.5%, being highest in small treeBig. 5 Table §.
After the phase of most rapid relative height growth,
the potential branch litter was only 0-1%ig. 5). This

Table 6

Parameter estimates and square sums for the potential branch litter
model, Eq. (3) whereB; the potential branch litter and dbh the
diameter at breast height

Parameter Estimate Approximated
S.E.

a 0.0574 0.00236
—0.00482 0.000489

[+ 0.00648 0.00161

Observations 583

SSrror 499.5

SSotal 2755.2

Model Br(dbh) = a x e®xdorP) 4 ¢
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Table 7

A. Lehtonen et al./Ecological Modelling 180 (2004) 305-315

y-axis). This indicates the importance of stand density

Parameter estimates and square sums for the potential branch litter¢q potential production of branch litter, especially in

model, when dbh and are independent variableBg. (4) where
By is the potential branch litten the stocking and dbh the diameter
at breast height

Parameter Estimate Approximated
S.EE.
a 0.0337 0.00402
ao 0.000009749 0.000001331
b —0.00456 0.000547
c 0.00723 0.00210
Observations 583
SSerror 0.1181
SSotal 0.8069
Model By (dbh n) =
(a+ag x n) glbxdbif) 4 o

young stands.

If dbh is the only independent variable, the expected
value of potential litterfall for a tree on a random
plot is different from a random tree in the entire sam-
ple. Therefore, adding stocking as another independent
variable corrected the possible bias introduced by sam-
pling with fixed radius of the permanent sample plots,
where more dense stands are easily over-represented
and therefore branch litter production is overestimated.

The modelled and measured proportions of potential
branch litterfall are of the same order of magnitude,
although our method seems to underestimate branch
litterfall in larger treesig. 5. The validity was only
tested in seven litter-collection stands.

phase is reached when trees are, on average, more than

25cm at dbh.

Potential branch litter also depends on stand den-
sity (Table 7 Fig. 6), especially for smaller trees. For
the potential branch litter model, other model formu-
lations were tested. Stocking was added as an inde-
pendent variable for all model parameteask{andc),
but it was only significant as an explanatory variable
for parameten (which defines the intersection of the

Proportion of branch litter from branch biomass, %

10 20
dbh, cm

Fig. 6. Models for potential branch litter as a function of diameter,
when stocking varies from 500 to 2500 treesha

4, Discussion

For predicting the biomass of a sample tree the
random parameter model applied here (mixed model)
(Searle, 1971; Goldstein, 1995 a method for han-
dling correlated observations. Information on this
correlation is also used to calibrate biomass estimates
for each sample tree. The mixed model is able to pro-
duce precise estimates of branch biomass based on
relatively few branch measurements per sample tree
(Lappi, 199). In the present study it was essential
to have calibrated biomass estimates per tree because
these predictions and stand variables (such as stock-
ing) were used for estimating the potential branch
litter.

According to our results, the vertical distribution
of branch biomass differs from the shape of vertical
distribution of foliage biomass reported byakkila
(1991) Morén et al. (2000andMéakela and Vanninen
(2001) In Scots pine most of the branch biomass is
located in the lower half of the crown, while foliage
biomass usually peaks around the middle of the crown
in Scots pines.

The shape of the vertical distribution of branch
biomass depends on the crown ratig) (evhile crown
ratio, in turn, depends on stand age and density
(Assmann, 1970 Crown ratio can be seen as an in-
dication of tree vigour and the competitive position
of a tree in a stand. A study byakeld and Vanninen
(2001) also reported a relationship between in-
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creased tree vigour and increased allocation to branchter produced more litter than predicted by the model.

biomass.

Kellomaki and Tuimala (1981found a pattern
between the vertical distribution of branch biomass
and stocking density similar to ours. Thereafter, they
plotted relative branch location and relative branch
length in stands with less than 3000 stems’hand
in stands with more than 3000 stems haAfter that,

they studied the relationship between stocking den-

sity and crown ratio, concluding that denser forests

However, our predictions for relative potential branch
litter are located between the minimum and maximum
values Table 2 of measured relative branch litter for
litter-collection stands.

We also compared our model to the branch litter
data ofViro (1955)who reports average branch litter
of 268, 211 and 287 kg ha for pine stands with 145,
197 and 329 thha 1, respectively, in stem volume.
We converted stem volumes to branch biomass by ap-

have lower crown ratios and less cone-shaped crowns.plying stem volume to biomass model frdrehtonen

According toKellomé&ki and Oker Blom (1983)nly

et al. (2004)and obtained 2.36, 1.39 and 1.16% as

severe suppression changes the vertical distributionrelative branch litter for those stands. Estimates for

patterns of the branches in a crown.
During the stand development the relative potential
branch litterfall is dynamic, being higher in smaller

trees. This trend towards decreasing relative litter pro-

these stands (50, 88 and 57 years) agree well with our
model, in which relative branch litter is less than 2.7%
when trees are more than 15cm dbh.

In comparison with our estimate also higher esti-

duction during stand development has been observedmates for litterfall of branches have been reported. In

previously byMaguire (1994)andBerg et al. (1999)

Spain,Santa Regina and Tarazona (206dported an-

Our model agrees also well with the estimated aver- nual branch litterfall of 1800 kg hd, which made up

age rate of branch litter production, being higher for

about 30% of the total litterfall of that Scots pine stand.

small trees and lower for larger trees. An average rate In Finland, however, both the reported amounts and

of branch litter productionl{ski et al., 2002 was
derived from reported coniferous stand¥e(Angelis

et al., 198). While our model predicts the proportion
of potential branch litter from the branch biomabg,
Angelis et al. (1981)eports measured branch biomass
and branch litterfall. Potential branch litter indicates
the amount of dead biomass that will eventually form
litter. When actual litterfall is estimated, a time delay

proportions of branch litterfall have been very similar
to our estimate \(iro, 1955; Méalkdnen, 1974with

an exception olucetich et al. (2000ho reported
much higher litterfall of woody compartments based
on 1 year measurement period and very different field
methods compared td/ifo, 1955; Malkdnen, 1974;
Kouki and Hokkanen, 1992; Santa Regina and
Tarazona, 2001 Anyhow, branch litterfall makes up

could be accounted due to the fact that dead branchesa substantial amount of carbon flux to soil, which has

will remain attached to the stem for a while after they
die. Furthermore, decomposition of branches while
still attached to stem may also affect the amount of
litterfall, but this was considered to have minor influ-
ence, since the modelled potential litterfall and mea-
sured litterfall of branches are in good agreement.
Potential branch litter was not modelled for small

often been neglected when ecosystems are modelled.
For simplicity, most ecosystem models and regional

assessments of forest carbon use constant turnover

rates for branch litterfall\fang et al., 2001; Liski

et al., 2002; Komarov et al., 2003; Masera et al., 2003;

Paul et al., 2008 Instead of constant estimat&xng

and Woodcock (2003)se an allometric equation of

trees (less than 5 cm dbh) due to lack of data on changedead branches for determining the amount of branch

in the crown base. However, studiesiglloméki and
Véisanen (1988andMakinen (1999)ndicate that the

litter, while, Bragg et al. (2004Yyelate the quantity
of branch litterfall with basal area. Our model differs

minimum age of branches at their death is 6—10 years compared to model bfragg et al. (2004pby using

in managed stands. Therefore, when branch litterfall dbh and stocking as predictors, and by estimating rel-
is estimated for managed stands in southern Finland, ative branch litterfall.

one option would be to assume that stands less than As there is marked variation in the relative litter-

10 years would not produce any branch litterfall.
The test of validity of our dynamic branch-litter

model showed that stands with higher average diame-

fall according to size of the trees and stand density,
application of our approach for branch litter turnover
modelling, improves the accuracy of the estimated
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litter input to soil, and hence, the estimates of soil Karjalainen, T., Pussinen, A, Liski, J., Nabuurs, G.J., Erhard, M.,

carbon. Eggers, T., Sonntag, M., Mohren, G.M.J., 2002. An approach
towards an estimate of the impact of forest management and
climate change on the European forest sector carbon budget:
Germany as a case study. Ecol. Model. 162, 87-103.

ACknOWIGdgememS Kellomaki,yS., Tuimala, A.,y 1981. Effect of stand density on

. . . branchiness of young Scots pines. Folia For. 478, 1-27.
We thank Dr. Risto Ojansuu, Dr. Juha Lappi, Mr.  Kellomaki, S., Oker Blom, P., 1983. Canopy structure and light
Jaakko Repola, Mr. Mikko Peltoniemi and Mr. Petteri climate in a young Scots pine stand. Silva Fenn. 17, 1-21.
Muukkonen for their advice throughout the study and Kelloméki, S., Vaisanen, H., 1988. Dynamics of branch population

Dr. Joann von Weissenberg for revising the language ;Lth:?fggow of young Scots pine stands. For. Ecol. Manage.
of the manuscript. We are grateful to the Academy komarov, A., Chertov, O., Zudin, S., Nadporozhskaya, M.,
of Finland for financing project no. 52768 ‘Integrated Mikhailov, A., Bykhovets, S., Zudina, E., Zoubkova, E., 2003.
method to estimate carbon budgets of forests’, which ~ EFIMOD 2: a model of growth and cycling of elements in
is part of the Research Programme on Sustainable Use, boreal forest ecosystems. Ecol. Model. 170, 373-392.

Korhonen, K., Maltamo, M., 1990. Méannyn maanpaallisten
of Natural Resources (SUNARE). We also thank the  ,jen kuivamassat Etela-Suomessa. Metséntutkimuslaitoksen

National Forest Inventory group for providing data on  tiedonantoja, Joensuun tutkimusasema 371, +-&8pendix 12
permanent sample plots and biomass measurements pp.
(VAPU) and two anonymous reviewers for construc- Kouki, J., Hokkanen, T., 1992. Long-term needle litterfall of a

ti itici d t int Scots pinePinus sylvestris stand: relation to temperature factors.
Ve Criticism ana comments on a manuscript. Oecologia 89, 176-181.

Lappi, J., 1991. Calibration of height and volume equations with

References random parameters. For. Sci. 37, 781-801.

Lappi, J., 1993. Metsabiometrian menetelmia. Silva Carelica 24.
University of Joensuu, Joensuu, 182 pp.

Lehtonen, A., Mékipa4, R., Heikkinen, J., Sievanen, R., Liski, J.,
2004. Biomass expansion factors (BEF) for Scots pine, Norway
spruce and birch according to stand age for boreal forests. For.
Ecol. Manage. 188, 211-224.

Liski, J., Perruchoud, D., Karjalainen, T., 2002. Increasing carbon
stocks in the forest soils of western Europe. For. Ecol. Manage.
169, 163-179.

Liski, J., Korotkov, A.V., Prins, C.F.L., Karjalainen, T., Victor,
D.G., Kauppi, P.E., 2003. Increased carbon sink in temperate
and boreal forests. Clim. Chang. 61, 89-99.

Albrektson, A., 1988. Needle litterfall in stands Bifnus sylvestris
L. in Sweden, in relation to site quality, stand age and latitude.
Scand. J. For. Res. 3, 333-342.

Assmann, E., 1970. The principles of forest yield study. In: Studies
in the Organic Production, Structure, Increment and Yield of
Forest Stands. Pergamon Press, Oxford, 506 pp.

Berg, B., Meentemeyer, V., 2001. Litter fall in some European
coniferous forests as dependent on climate: a synthesis. Can.
J. For. Res. 31, 292-301.

Berg, B., Albrektson, A., Berg, M.P., Cortina, J., Johansson, M.,

Gallardo, A., Madeira, M., Pausas, J., Kratz, W., Vallejo, R., Maguire, D.A., 1994. Branch mortality and potential litterfall

McClaugherty, C., 1999. Amounts of litter fall in some pine from Douglas-fir trees in stands of varying density. For. Ecol.

forests in a European transect, in particular Scots pine. Ann. Manage. 70, 41-53.

For. Sci. 56, 625-639. Makeld, A., Vanninen, P., 2001. Vertical structure of Scots pine
Bragg, D.C., Roberts, D.W,, Crow, T.R., 2004. A hierarchical crowns in different age and size classes. Trees 15, 385-392.

approach for simulating northern forest dynamics. Ecol. Model. Mékinen, H., 1999. Growth, suppression, death, and self-pruning

173, 31-94. of branches of Scots pine in southern and central Finland. Can.
Cannell, M.G.R., 1982. World Forest Biomass and Primary J. For. Res. 29, 585-594.
Production Data. Academic Press, London, 391 pp. Malkonen, E., 1974. Annual primary production and nutrient cycle

De Angelis, D.L., Gardner, R.H., Shugart, H.H., 1981. Productivity in some Scots pine stands. Comm. Inst. For. Fenn. 84.5, 1-87.
of forest ecosystems studied during the IBP: the woodlands data Marklund, L.G., 1988. Biomassafunktioner for tall, gran och bjork

set. In: Reichle, D.E. (Ed.), Dynamics of Forest Ecosystems. i Sverige. Sveriges Lantbruksuniversitet, Rapporter-Skog 45,
Cambridge University Press, Cambridge, pp. 567-672. 1-73.
Goldstein, H., 1995. Multilevel Statistical Models. Edward Arnold, Masera, O.R., Garza Caligaris, J.F., Kanninen, M., Karjalainen, T.,
London, 256 pp. Liski, J., Nabuurs, G.J., Pussinen, A., de Jong, B.H.J., Mohren,
Hakkila, P., 1991. Crown mass of trees at the harvesting phase.  G.M.J., 2003. Modelling carbon sequestration in afforestation,
Folia For. 773, 1-24. agroforestry and forest management projects: the CO2FIX V.2

Heath, L.S., Smith, J.E., 2000. An assessment of uncertainty in  approach. Ecol. Model. 164, 177-199.
forest carbon budget projections. Environ. Sci. Policy 3, 73-82. Morén, A.S., Lindroth, A., Flower-Ellis, J.G.K., Cienciala, E.,
Jalkanen, R., Aalto, T., Kurkela, T., 1998. Fluctuation in the Mélder, M., 2000. Branch transpiration of pine and spruce
number of needle sets and needle shedPinus sylvestris. scaled to tree and canopy using needle biomass distributions.
Scand. J. For. Res. 13, 284-291. Trees 14, 384-397.



A. Lehtonen et al./Ecological Modelling 180 (2004) 305-315 315

Paul, K.I., Polglase, P.J., Richards, G.P., 2003. Predicted change Searle, S.R., 1971. Linear Models. Wiley, New York, 560 pp.
in soil carbon following afforestation or reforestation, and Song, C., Woodcock, C.E., 2003. A regional forest ecosystem

analysis of controlling factors by linking a C accounting carbon budget model: impacts of forest age structure and
model (CAMFor) to models of forest growth (3PG), litter landuse history. Ecol. Model. 164, 33-47.

decomposition (GENDEC) and soil C turnover (RothC). For. Wang, S., Grant, R.F., Verseghy, D.L., Black, T.A., 2001.
Ecol. Manage. 177, 485-501. Modelling plant carbon and nitrogen dynamics of a boreal

Reichle, D.E. (Ed.), 1981. Dynamic Properties of Forest aspen forest in CLASS — the Canadian Land Surface. Ecol.
Ecosystems. Cambridge University Press, Cambridge, Model. 142, 135-154.
683 pp. Viro, P.J., 1955. Investigations on forest litter. Comm. Inst. For.
Santa Regina, |., Tarazona, T., 2001. Nutrient pools to the soil Fenn. 45.6, 1-142.
through organic matter and throughfall under a Scots pine Vucetich, J.A., Reeda, D.D., Breymeyer, A., Degorski, M., Mroz,
plantation in the Sierra de la Demanda, Spain. Eur. J. Soil Biol. G.D., Solon, J., Roo-Zielinska, E., Noble, R., 2000. Carbon
37, 125-133. pools and ecosystem properties along a latitudinal gradient
SAS, 1999. SAS/STAT User's Guide, Version 8. SAS Institute in northern Scots pineP{nus sylvestris) forests. For. Ecol.
Inc., Cary, NC, USA, 554 pp. Manage. 136, 135-145.



	Potential litterfall of Scots pine branches in southern Finland
	Introduction
	Material and methods
	Data
	Biomass model for branches
	Vertical biomass distribution in a crown
	Rise of the crown base and potential litterfall
	Estimating potential branch litter
	Validation of potential litterfall

	Results
	Discussion
	Acknowledgements
	References


