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Abstract: For the evaluation of changes in the carbon stock of living biomass, two methods are
reported in the Good Practice Guidance for Land Use, Land-Use Change, and Forestry: (1) the
default method, which requires the biomass carbon loss to be subtracted from the biomass carbon
increment for the reporting year; and (2) the stock change method, which requires two consecutive
biomass carbon stock inventories for a given forest area at two points in time. We used three
methods to estimate above-ground biomass: (1) application of allometric equations, (2) constant BEF
(biomass expansion factor), and (3) age-dependent BEF, following which we evaluated the changes
in carbon stock and the related uncertainty. Our study was carried out in a Douglas fir plantation
composed of plots with three different planting densities, monitored at three different ages (15, 25,
and 40 years old). Results showed the highest uncertainty in the estimates based on the constant
BEF, whereas the use of allometric equations led to the lowest uncertainty in the estimates. With a
constant BEF, it is usually difficult to obtain a reliable value for the whole tree biomass because stem
proportion increases with tree size at the expense of the other components. The age-dependent BEFs
aim to reduce the bias representing the actual change in stock, thus we found a lower uncertainty
in the estimates by using this method compared to the constant BEF. The default method had the
highest uncertainty (35.5-48.1%) and gave an estimate higher by almost double compared to the
stock change method, which had an uncertainty ranging from 2.9% (estimated by the allometric
equation) to 3.4% (estimated by the constant BEF).
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1. Introduction

According to environmental conditions, development stages, and management regimes, forests
can sequester atmospheric carbon to mitigate climate change. The degree of carbon sequestration
depends on environmental controls, and has been a topic of considerable interest in plant ecology for
decades [1]. The combined effects of logging and forest regrowth on abandoned land are responsible
for 10%—25% of global human-induced emissions [2,3].

Estimation of carbon stocks at scales ranging from local to global is crucial for accurately
predicting future changes in atmospheric carbon dioxide [4]. Information related to the carbon stocks
can be achieved, amongst others, through destructive methods, by harvesting trees to calculate
biomass in tree components (stem, foliage, roots) and then building regressions for further estimates
[5,6]. So far, few allometric equations are available across the globe; they are mainly for above-ground
compartments, and are largely species- and site-specific. In cases where these are not available,
biomass is normally estimated using biomass expansion factors (BEFs) that use estimated timber
volume in combination with other stand-level variables to estimate plot-level biomass [7]. A biomass
expansion factor can be constant (e.g., from the National Inventory database), or it can be function of
a stand characteristic (i.e. dimensions of the median tree of a stand, merchantable stem volume, or
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stand age) [8,9]. Investigation and quantification of tree biomass forms the basis of estimates of forest
carbon pools and is therefore directly linked to some of the mechanisms for carbon offsetting and
sequestration enshrined in the Kyoto protocol [10]. Accurate estimates of forest biomass are necessary
since, as a Party to both the United Nations Framework Convention on Climate Change (UNFCCC)
and its Kyoto Protocol, replaced in 2015 by the Paris Protocol, the European Community has to
submit its annual GHG (greenhouse gases) inventory. In the second commitment period, which is
ongoing, Parties must reduce GHG emissions by at least 18% below 1990 levels in the eight-year
period from 2013 to 2020. Under these agreements [11,12] it has become necessary to develop
methods to estimate changes in carbon stocks and how these pools will change as a result of
management [13]. However, substantial uncertainties remain in current model estimates of terrestrial
carbon, and there is an increasing need to quantify and reduce these uncertainties [14,15]. Uncertainty
arises from the inability to perfectly measure key variables, the necessary use of models to make
predictions, and the natural variability of ecosystem processes across the landscape [16]. According
to the Intergovernmental Panel on Climate Change (IPCC) good practice guidance, the national
reporting of changes of CO:z equivalents in forest and other woody biomass stocks can be calculated
by a default method as the difference between growth and drain estimated by considering all relevant
processes (the growth of trees and carbon losses due to harvest, natural mortality, and natural
disturbances), or by the stock change method as the change in stocks between two consecutive
inventories. Information on the major uncertainties involved in the calculations of forest carbon
stocks and stock changes is needed in the negotiations of the Climate Convention.

The main aims of this study were: (i) to carry out a plot-based estimate of carbon stock and
carbon stock change in a Douglas fir stand by using three biomass estimate models, according to
three different planting densities (1667, 2000, and 2500 trees per hectare) and at three ages (15, 25, and
40 years old); and (ii) to quantify uncertainty in the carbon stock and carbon stock change estimates.
Plot-based estimates of forest carbon stocks and carbon fluxes are derived metrics that contain
multiple sources of uncertainty [17-19].

Carbon stock was calculated from biomass estimated with three different methods: (1) with
constant biomass expansion factors (BEFs), (2) with age-dependent BEFs, and (3) with biomass
equations applied directly to tree-wise data of the sample plots. The changes in carbon stock were
therefore evaluated with the two methods suggested by the IPCC. The related uncertainty differs
between the two methods since “the uncertainties in the default method are dominated by model
errors due to the different components which only partly are usually derived from statistical forest
inventory data, whereas the uncertainties in the stock change method, which are derived from net-
carbon changes based on repeated statistical forest inventories, are dominated by the sampling error,
especially in cases where the net-carbon changes are very small” [20]. Many studies have tended to
focus on uncertainty in carbon stock estimates, rather than uncertainty in carbon change over time,
but carbon change is arguably the most important of the two metrics, as it is the basis for UNFCCC
reporting [21].

2. Materials and Methods

2.1. Study Area

The study area (39°25'N, 16°2'E) is located in the northern coastal chain of Calabria, in the
Tyrrhenian side of south Italy. The climate of the area is typical Mediterranean. The annual rainfall
is 1233 mm, with the minimum precipitation in summer (88 mm) and the maximum during the winter
(501 mm). The average annual temperature is 11.5 °C at an altitude of 950 m a.s.1.

This area is the property of the Regional Italian State Forestry Agency and, in 1967, Douglas fir
(Pseudotsuga menziesii, (Mirb.) Franco) was extensively used to reforest the whole of the property. The
plantation was part of a reforestation project carried out in the south of Italy with funding earmarked
by the national government to restore forest ecosystems in abandoned agriculture areas [22]. The
plantation was executed with differing planting densities [23]. The sample plots considered for the
carbon stock estimates are within the Douglas fir plantation. In this study, we estimated carbon stocks
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of 2500, 2000, and 1667 trees ha™ densities at ages of 15, 25, and 40 years. Therefore, nine permanent
plots were established (three for each planting density). Each plot had a square shape, with a surface
area of 900 m2. In each plot, the diameters at breast height (DBH) of all trees were measured. In
addition, the total height (H) of a representative sample (about 50%) of trees was measured.

2.2. Carbon Stock and Stock Change Estimates and Uncertainty Analysis
We applied three methods for biomass estimates, at the individual tree level:

1.  The stem volume was estimated with a volume equation for Douglas fir from the National Italian
Forest Inventory [24], and then multiplied by a constant biomass expansion factor (Mg m=)
reported by the IPCC [12] for Douglas fir (Table 1).

2. The stem volume was estimated with a volume equation for the Douglas fir plantation in
Calabria [25], and then multiplied by an age-dependent BEF elaborated for the Douglas fir in
Calabria [22] (Table 1).

3. The above-ground biomass was estimated with allometric equations for Douglas fir in Calabria
[25] (Table 1).

Table 1. Equations used in this study.

Equation Name Equation Expression Equation

Volume equation for Douglas fir from the V = —7.9946 4+ 0.0333 - DBH?-H 1)
National Italian Forest Inventory (INFC) +1.2186 - DBH
A constant BEF from the INFC for conifer BEF=1.41 2)
plantations in Italy Basic wood density = 0.43
Volum? eq}latlon f01.‘ the Douglas fir V = —13.1172 + 0.6327 - DBH? 3)
plantation in Calabria

— . —0.408
Age-dependent BEF equations elaborated BEFa500 = 2.099- AGE )

BEF,000 = 2.088 - AGE~0-381
BEF, ¢¢, = 1.923 - AGE~°35°

Allometric equations for Douglas fir in Wys00 = —22.76 + 0.49 - DBH* 5)

Calabria W2000 = —33.40 + 0.56 - DBH?
1667

Notes: V is stem volume (dm?in Equation (1), m®in Equation (3)), DBH is the diameter at breast height
(cm), His the height of tree (m), BEF is biomass expansion factor (Mg m), AGE is age of stand (years),
W is above-ground biomass of tree (kg).

for Douglas fir in Calabria

Diameter at breast height (DBH) and total height were used as independent variables in the
volume and biomass equations.

The reference values for the biomass of Douglas fir in Calabria are the allometric equations by
Menguzzato and Tabacchi [25].

As suggested by the IPCC [11], for all of the models used (volume and allometric equations as
well as expansion factors), the associated relative standard error (RSE) was calculated with the
method of error propagation equations. Having applied biomass and volume equations to tree-wise
data of the sample plots directly, we could consider that the components of the errors accounted for
were the sampling and model errors (assumed to be small). For the BEF-based method, the sampling
error in the stem volume estimate and the error of the BEFs were accounted for. It was not possible
to assess the error associated with the constant BEF, since the literature from which it has been drawn
[12] does not provide quantitative uncertainty estimates, whereas we could combine the error of the
age-dependent BEFs with the sampling error for the stem volume of sample plots by density classes
to obtain the RSE of the tree biomass stock in a given density class. Then, the RSE of the overall biomass
estimate of trees was estimated using the following equation [26]:

\/(Tstock,l ' Wl)z + (Tstock,z ' W2)2+- . (Tstock,n ' Wn)z (6)
Wy + Wo+.. W, |

Ttot =
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where 7wt is the relative standard error of the total biomass (the sum of all age classes), Wi is the
biomass stock in age-class 7, and rswcki is the relative standard error of the biomass stock in age-class i.

The carbon stock at ages 15, 25, and 40 years for the sample plots of any density class was
calculated using the approximation that the mass of woody parts contain ~50% carbon [27].

The step subsequent to the estimate of the biomass (and therefore of the carbon), for the three
methods described above, was the evaluation of the change in the carbon stock that occurred in 10
years with both the default method (also called “growth and drain”) and the stock change method.
In order to reduce the bias when using the stock change method, it is necessary that BEFs reflect the
actual change in stock by incorporating the accumulation of growth per tree fraction, with the effects
of harvest and natural thinning patterns in one constant [9]. The method of age-dependent BEFs
enables the ratio of whole tree biomass to stem volume to change with tree size. The default method
is inevitably linked to a large bias, which originates when both growth and drain are converted from
volume to biomass; we could reduce this bias by deriving separate age-dependent BEFs for growth
and harvest. The uncertainty of stock change associated with both methods was estimated using
Equation (7) [28]:

2 2
\/(Ustocktimez ' StOthimeZ) + (Ustocktimel ' StOthimel) (7)
|Stocktimez + Stockiime|

UStockChange =

where Ustodcnnge is the percentage of uncertainty of the stock change, Ustock: is the percentage of
uncertainty associated with time i, and Stockrimei is the emission/removal estimate for time i.

3. Results

The reference values for the biomass of Douglas fir in Calabria are the allometric equations by
Menguzzato and Tabacchi [25]. We chose to use these equations built for a Douglas fir plantation in
the same environmental conditions but with different dendrometric characteristics. This choice is due
to the fact that the allometric equations built in 1986 have been included in all international databases
[29], therefore they are easy to access and they are the most-used reference for Douglas fir above-
ground biomass estimates in Mediterranean Italy. Table 2 shows the reliability of the carbon estimates
obtained with the three alternative models. On average, allometric equations (Ws) estimated an
above-ground carbon stock of 67.1 Mg ha-1, 117 Mg ha™, and 148.1 Mg ha' at age 15, 25, and 40 years,
respectively. At the age of 15 years, compared to the allometric equations, the method of age-
dependent BEF (W:) estimated a higher total above-ground carbon stock (81 Mg ha™) (Table 2),
whereas the method of volume from the National Italian Forest Inventory (INFC) and the constant
BEF (W1) estimated a lower value (58.1 Mg ha™). Moreover, significant differences were found
between the three biomass models (p < 0.001) and between planting densities; the 1667 class was
found to be significantly different from the others (p = 0.003). At the age of 25 years, the W1 model
gave the highest estimate (149.5 Mg ha™); we did not find significant differences between planting
densities and the W3 model only differed from the others methods (p = 0.002). Compared to the
allometric equations, the age-dependent BEFs overestimated carbon stock at all ages, whereas the
constant BEF underestimated it at 15 years, and overestimated it at 25 and 40 years. At the age of 40
years, the Wi model, compared to the allometric model, estimated almost double the carbon (260.2
Mg ha™ vs. 148.1 Mg ha™); all the methods differed with statistical significance (p < 0.001) and
differences were found between the three planting densities (p = 0.001).
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Table 2. Above-ground biomass estimates and relative differences in biomass estimates with the three
methods. Wi: above-ground biomass estimated using the constant BEF and volume equation from the
INFC; Wa: above-ground biomass estimated using the age-dependent BEF and volume equation for
the Douglas fir plantation in Calabria; Wa: above-ground biomass estimated using the allometric
equations for the Douglas fir in Calabria.

Above-Ground Carbon Estimates

Age 2'13;551:3 Wi W2 Ws Average ANOVA Planting
Y hat hat hat hat? Densi
(Years) (Trees hal) (Mg ha™) (Mg ha™) (Mgha') (Mgha?) ensity
15 2500 60.9 84.2 70.2 71.8 A
2000 59.4 85.0 70.0 715 A F=36.3; p=0.003
1667 53.9 73.8 61.0 629 B
ANOVA Models
F=191.2; p <0.001 Average 58.1 81.0 67.1
A B C
25 2500 146.4 137.9 114.6 133.0 A
2000 146.4 144.9 120.5 1373 A F=1.02; p=0.438
1667 155.7 139.4 116.0 137.0 A
ANOVA Models
F = 49.2; p = 0.002 Average 149.5 140.7 117.0
A A B
40 2500 258.9 170.5 142.5 190.6 A
2000 291.8 204.6 170.8 2224 B F=51.3; p=0.001
1667 230.0 156.8 131.0 172.6 C
ANOVA Models
F=272.9; p < 0.001 Average 260.2 177.3 148.1
A B C

In general, the RSE (%) of carbon stock was higher in the lowest planting density and at the age
of 15 years (Figure 1).

For each age, two-way analysis of variance (independent variables: planting density and
biomass models) showed very significant differences in planting density and significant differences
in biomass models. The lowest RSE was found with the 2500 trees/ha density class (on average 2.6%
at 15 years, 1.5% at 25 years, and 1.03% at 40 years), with significant differences between all planting
densities. Moreover, the RSE significantly increased when the planting density decreased (Figure 1).

The lowest RSE was found when allometric equations were used (on average 5.4% at 15 years,
3.6% at 25 years, and 3.0% at 40 years), whereas the estimates by the volume equation from the INFC
and the constant BEF generated the highest RSE (5.9% at 15 years, 4.4% at 25 years, and 3.7% at 40
years). At the age of 25 and 40 years, the RSEs calculated with the Ws model (allometric equation)
and the W1 model (volume equation from the INFC and constant BEF) were significantly different,
whereas no significant difference was found with the W2 model (age-dependent BEF and volume
equation for the Douglas fir). At the age of 15 years, no significance difference was found between
the three methods. However, the p value seemed to decrease when age increased (0.081, 0.052, and
0.025, respectively, at the age of 15, 25, and 40 years) Also, uncertainty related to the estimate of
biomass was lower when using the allometric equations (Table 3).
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Variable

9 —e— RSE Vinv*kBEF (age 15)
—«— RSE V M&T *ageBEF (age 15)
8 —— RSE Eqallom (age 15)

—a— RSE Vinv*kBEF (age 25)
—a— RSE V M&T *ageBEF (age 25)
—a— RSE Eqallom (age 25)

—=— RSE Vinv*kBEF (age 40)

\\

Relative Standard Error (%)

1500 1750 2000 2250 2500 2750
Planting density (Trees per hectare)

Figure 1. RSE (%) of carbon stock estimates with the three methods according to density classes at
ages 15 and 25. Vinv*kBEF: carbon stock estimated from biomass calculated with the first method; V
M&T*ageBEF: carbon stock estimated from biomass calculated with the second method; Eqallom:
carbon stock estimated from biomass calculated with the third method.

Table 3. Relative standard errors (RSE) of biomass estimates according to density classes and
uncertainty (U%) averaged by density class. Wi: above-ground biomass estimated using the constant
BEF and volume equation from the INFC; W2: above-ground biomass estimated using the age-
dependent BEF and volume equation for the Douglas fir plantation in Calabria; W3: above-ground
biomass estimated using the allometric equations for Douglas fir in Calabria.

RSE of Biomass Estimates

Density Classes

Age (Years) (Trees ha-1) Wi1(%) Wz2(%) Ws(%) Average ANOVA Planting Density
15 2500 2.8 2.6 2.3 26 A
2000 5.7 5.0 4.8 52B F=791.79; p<0.0001
1667 9.3 9.3 9.1 9.2C
Fil\g;fﬁfgﬁl Average 59 5.6 5.4
A A A
25 2500 1.9 1.7 0.9 15A
2000 4.6 4.4 4.2 44 B F=216.67; p <0.0001
1667 6.6 5.7 5.6 6.0C
Fil\g:éi(’gg; Average 44 3.9 3.6
A AB B
40 2500 14 1.1 0.6 1.0A
2000 39 3.6 3.5 3.7B F=379.18; p < 0.0001
1667 59 5.1 49 53C
F’f;]f;;? I;A:do_eé; s Average 3.7 33 3.0
A AB B
U (%) of biomass estimates (Average by density classes)
15 7.3 6.8 6.7
25 5.8 5.0 4.7
40 49 4.2 3.6

The stock change method was applied to data from two inventories (at the ages of 15 and 40
years). The application with the allometric equations gave an estimate of carbon stock variation of 3.2
Mg C ha™ y'. By using the volume from the INFC and the constant BEF, the highest stock change
was estimated (8.1 Mg Cha™' y'). Lower densities showed higher carbon increments. The uncertainty
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(U%) associated with all of the combined models was low, with the lowest U% for estimates found
by the allometric equations (2.9%) (Figure 2a).

U% stock change method U% gain and loss method

U% Eqaiiom U% Vinv*kBEF
r tot Eqallom 39.113 35.548

2937

r tot Vinv*kBEF
3.428

rtot V M&T *ageBE U% V M&T *ageBEF
3232 ¥ 9

(a) (b)

Figure 2. The uncertainty (U%) associated with all of the combined models for (a) the stock change
method and (b) the default method.

In order to apply the default method, estimates of both annual losses and growth are needed;
thus, all components of the drain (losses), such as natural mortality, fuelwood gathering, and logging,
as well as growth on an annual basis should be quantifiable. Since the plots under study are part of
a permanently monitored area, mortality and current increment data were available. The default
method applied with the three methods gave a carbon change estimate ranging between 4.9 and 5.9
Mg C ha™' y! (Figure 3), about 41% higher than the stock change method. Also, for all of the methods,
the related U% was very high (35.5-48.1%) Figure 2b. This can be explained by the cumulative model
errors that originated from the separate estimates of drain and losses from mortality and increment
data.

6.2

Variable
= Winv*k BE
6.0 ——e— W age Bef
—e— W EQ

5.8

5.6

5.4+

5.2

5.0

carbon stock change (Mg ha-1y-1)

4.8

4.6 T T T T
1500 1750 2000 2250 2500 2750
Planting density (Trees per hectare)

Figure 3. Carbon stock change estimated with the default method, considering all three methods used
for biomass estimates. Winv*kBEF: carbon stock estimated from biomass calculated with the first
method; W age BEF: carbon stock estimated from biomass calculated with the second method; W EQ:
carbon stock estimated from biomass calculated with the third method.
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4. Discussion

The error imputable to the choice of allometric model to estimate carbon stock is considered to
be of crucial importance [21,30-33]. We found higher uncertainty when estimating above-ground
carbon stock and carbon stock changes of trees with the constant tree species-specific BEF, compared
to the allometric equations. BEFs require the estimation of wood volumes, followed by the application
of expansion factors to account for non-inventoried tree components, leading to an increase of sources
of error by stepping from one calculation to another [34,35]. When using a constant BEF, a reliable
value for the whole tree biomass is not achievable because stem proportion increases with tree size
at the expense of other tree components. The age-dependent BEFs are useful to reduce the bias,
because the actual change in stock can be accounted for. We therefore suggest using age-dependent
BEFs based on regionally representative sampling, in order to account for both model and sampling
errors. In any case, the uncertainty in the conversion from tree volume to carbon content is one of the
major gaps in carbon accounting at regional and national levels, together with the shortage of
quantitative uncertainty analysis [36,37]. The relative accuracy of all of the methods depends on the
underlying data used to derive the allometric model or the ratio of volume to biomass. Pelletier et al.
[21] illustrated this point by using two allometric equations on the same inventory data; they found
different results, proving that allometric models are another important source of uncertainty in the
quantification of emissions from land-cover change. Planting density and age strongly affect tree
allometry; thus, the accuracy of biomass estimates strictly depends on the sample trees used for the
construction of regression relationships. Estimates are given with higher uncertainty when the
dendrometric characteristics of stands under estimation differ from those of the sample plots used
for model calibration.

The overall error occurring with use of these constant BEFs cannot be assessed, but in almost all
European countries, constant BEFs are applied without quantitative uncertainty.

It is important to carefully evaluate the applicability of the available BEFs before they are used
in national inventories. For example, in Finland, uncertainty was evaluated for 1990-2010 biomass C
stock uncertainty (with results ranging from 2% to 5%), with an uncertainty of the biomass C stock
change ranging between 11% and 27%, depending on the size of the change. It was shown that when
the biomass C stock change was low, the uncertainty was higher, while a large C stock change
resulted in a lower uncertainty. When accounting for carbon stock at the national level, the positive
and negative differences could be balanced, and the overall difference in above-ground biomass
between tree-wise estimates and age-dependent BEFs can be even lower.

The IPCC [11] suggests utilizing BEFs for the stock change method, which might be very
sensitive when large stocks are used to detect small changes. In our study, we found a low uncertainty
related to stock changes estimated with age-dependent BEFs. We found lower uncertainties when
using the stock change method compared to the default method due to cumulative model errors that
originated from the separate estimates of drain and losses from mortality and increment data, even
though—according to Cienciala et al. [38] —the default method may represent a more attractive
solution as compared to the stock change method, because it discerns emissions by removals
(increment) and sources (harvest and other loss), whereas the stock change method gives only the net
change of emissions associated with forest biomass. However, for the application of the default
method, more information must be known (increment, the estimation of which currently depends on
growth and yield tables); therefore, the stock change method might represent a more objective and
less uncertain approach.

5. Conclusions

Reliable uncertainty estimates are needed to improve research findings aimed at the assessment
of the importance of emission sources and carbon sinks and the development of greenhouse gas
inventories. Our results confirm the need for long-term monitoring of the ecosystem using permanent
sample plots, to evaluate inter-annual variation that can be represented in the carbon accounting
estimates. Governments should recognize the potential value of developing good national forest
carbon monitoring systems under the UNFCCC, and the IPCC could give the means to stimulate
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continuous progress on the incorporation of uncertainty analyses and on the mitigation of the main
sources of error in the quantification of emissions from land-cover change, particularly in forest
carbon stock estimates [21].
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