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Abstract

Forests provide important ecosystem services worldwide such as material for timber and
fiber industries, food and biodiversity, clean water and air and protection against natural
hazards. They are also increasingly important due to their prominent role in the global carbon
cycle and their ability in both storing large amounts of carbon under ongoing climate change
and providing the raw material for an emerging bio-economy. The physiology and growth of
forests are strongly influenced by environmental conditions such as climate, soil and
disturbances, both natural and anthropogenic. Thus understanding the response and
feedbacks of forest towards environmental change requires a consistent large scale model
framework incorporating the biogeochemical processes between vegetation and the
atmosphere. Large scale forest information is provided amongst others by satellites in the
Earth’s orbit. The MOD17 algorithm combines satellite remotely sensed vegetation data and
daily climate data with a biogeochemical model logic and provides global productivity
measures on a 1-km resolution. In this study, a new regional dataset on Net Primary
Production (NPP) “MODIS_EURQO” was derived by rerunning MOD17 with local European
climate data. It was evaluated with NPP from 13 European National Forest inventories and
provides pan-European NPP (EU-27 including Norway, Switzerland and the Balkan). MODIS
EURO shows a better agreement with the terrestrial reference NPP from forest inventory
data, than the MODIS NPP driven by global climate data across scales and gradients.
Differences in stand density and the employed tree carbon estimation methods are important
for understanding discrepancies between MODIS EURO and terrestrial data. This novel
dataset allows for spatial and temporal analysis of the impacts of ongoing climate change on
vegetative ecosystems across Europe and their feedbacks to the global carbon cycle.



Kurzfassung

Walder versorgen uns mit einer Vielzahl an Okosystemdienstleistungen weltweit, wie
Rohmaterial fir verschiedene Industriezweige, Nahrung und Biodiversitat, sauberes Wasser
und Luft sowie Schutz vor Naturgefahren. Weitere Bedeutung erhalten sie durch ihre
bedeutende Rolle im globalen Kohlenstoffkreislauf, deren Fahigkeit groBe Menge Kohlenstoff
zu binden sowie als Ressourcenquelle fir die aufstrebende Biodkonomie. Physiologie und
Wachstum von Baumen wird in groBem MaBe beeinflusst durch Umweltbedingungen wie
Klima, Boden und Stérungen, nattrlichen wie menschlichen Ursprungs. Fir das Verstandnis
der Reaktionen und Wechselwirkungen von Waldern auf solche Verédnderungen sind groB-
skalige konsistente Informationen essentiell, um die biogeochemischen Zusammenhange
zwischen Vegetation und Atmosphare abzubilden. Der biogeochemische MOD17
Algorithmus berechnet aus Satelliten-basierten Vegetationsdaten und Klimadaten Netto
Primar Produktion (NPP) weltweit mit 1 km Auflésung. In dieser Arbeit wurde NPP mit
MOD17 und lokalen Europaischen Klimadaten berechnet und mit NPP aus terrestrischen
Waldinventurdaten 13 Europaischer Lander evaluiert. Mit diesem neuen Datensatz ,MODIS
EURQO" sind durchgehend raumliche explizite NPP Daten fir Europa verfligbar (EU-27
inklusive Schweiz, Norwegen und Balkanlander). Uber verschiedenen Skalen und
Gradienten, MODIS EURO zeigt bessere Ubereinstimmung mit NPP aus Waldinventurdaten
als MODIS NPP errechnet mit globalen Klimadaten. Unterschieden in Bestandesdichte sowie
der verwendeten Kohlenstoffschatzmethoden sind wichtig um Abweichungen zwischen
MODIS EURO und der terrestrischen NPP zu erklaren. MODIS EURO ermdglicht eine
zeitlich und rdumlich explizite Analyse der Auswirkungen und Wechselwirkungen des
Klimawandels auf den Européischen Wald.



Table of content

A [ oY o T 1¥ Tox 1 o] o USSR 1
2 VisSioN and ODJECHIVES ... 2
3 Net Primary Production using remote sensing and forest inventory data ... 3
3.1 Two conceptually different methods for estimating NPP..........cccccciinnnnnnns 3
3.2 Representation of trees in the two model frameworks ...........ccccccveiviiirnnnnnnnes 4
3.2.1 MODA7 @lIGOMtNM. .o 4
3.2.2 ForestinVentory NPP...... ... e 5
3.3 CliMate-SENSIIVILY ....uveeiiiiee i 6
3.4 Forest stand density effeCtS ..... ..o 8
3.5 Scales and coverage With data.......cccccoooviiiiiiiiiiiii e 9
3.6 Litter fall and fine root tUIMNOVET ...... ... 11
4 DiscussSion and CONCIUSION .....uuuiuuuiiiiiiiiiiiiiiiiiieiiiiiiiiebebbeeeeeeeeeeeeeeeeeeeeeseeeeeeees 12
I ST LT =T Yo = PP PTTPPPPPPPPPPPPPP 14
N I =Y Ao ) e U = SR 18
A A oY 1= o o 1 GRS 19
4% T = o = i PSRRI 19
42 - o = RPN 49
4% T = o = G PSRRI 81



1 Introduction

Forests cover about 38% of Europe’s land area (160.9 Mio. ha in the EU-27 (FOREST
EUROPE, 2015), provide key ecosystem services such as timber supply, carbon
sequestration (Pan et al., 2011), biodiversity (Thom and Seidl, 2015), and protection against
erosion or flooding (Brang, 2001). However, forests are increasingly affected by climate
change (Zhao and Running, 2010), natural disturbances (Seidl et al., 2014) and
anthropogenic exploitation (Hansen et al., 2013). Since tree growth is strongly affected by
environmental conditions such as solar radiation, water availability or CO, concentration a
reliable tool for studying forest productivity should consider such effects as well as the
vegetation’s response on its environment (Thornton, 1998; Waring and Running, 2007).

Biogeochemical mechanistic flux models were developed to understand land-atmosphere
interactions by incorporating various ecosystem processes that mimic a host of
biogeochemical cycles (e.g., carbon, energy, water, nutrients). Biome BGC is a widely used
biogeochemical model (Cienciala and Tatarinov, 2006; Hasenauer et al., 2003; Pietsch et al.,
2005; Potzelsberger et al., 2015; Thornton, 1998; White et al., 2000). Since most of Europe’s
forests are managed, Biome-BGC needs management routines to provide meaningful results
in Europe (Petritsch et al.,, 2007; Thurnher et al., 2014). However, such management
routines are not yet available across Europe. The MOD17 algorithm (Running et al., 2004)
does not need such information and captures the vegetative development and response to
environmental conditions with temporally and spatially explicit Leaf Area Index and Fraction
Absorbed radiation. MOD17 integrates key components of Biome-BGC’s model logic with
remote-sensing products from the satellite-mounted sensor MODIS and provides annual
Gross Primary Production and Net Primary Production (GPP and NPP) worldwide on 1-km
resolution since the year 2000 (Zhao and Running, 2010). A key strength of biogeochemical
models and the MOD17 algorithm is their climate-sensitivity (Zhao et al., 2006).

Another source of forest productivity information is terrestrial forest growth data such as long-
term research plots (Hasenauer et al., 2012; Phillips et al., 1998) or national forest inventory
data sets (Tomppo et al., 2010). Carbon accumulation by forests, a fundamental component
of NPP (Malhi et al., 2011; Olson et al., 2001), is obtained using terrestrial forest growth data
from the change in tree carbon stocks using consecutive measurements. Since tree carbon
is estimated using local biomass functions and measurements of tree diameter and/or height,
terrestrial NPP estimates capture variations in tree allometries, stand density and local
effects such as soil limitations. They represent an independent source for productivity
assessments alongside MOD17. Drawbacks are that inventory assessments are carried out
every 5 to 10 years and that a certain number of plots have to be aggregated across a region
to derive reliable results. Currently there is no consistent large-scale forest inventory dataset
available in Europe such as the FIA data (Forest Inventory and Analysis) from the United
States (Bechtold and Patterson, 2005). This lack of availability in forest inventory data is due
to differences in country-specific methodology, sample designs and country specific legal
restrictions in data availability (Tomppo et al., 2010).

Large-scale, consistent and reliable NPP estimates would allow for carbon balance
assessments (Quegan et al., 2011), monitoring terrestrial carbon fluxes (Potter et al., 2012),
assessing species richness (Phillips et al., 2008), and estimating available biomass for
bioenergy and a bio-based economy (McCormick and Kautto, 2013; Smith et al., 2012).
Another application could be in carbon emissions assessments such as LULUCF (Land use,
land-use change and forestry), that traditionally used terrestrial field data (IPCC, 2006).

Evaluation with independent data is important to verify the reliability of any model results.
While GPP from MOD17 can be validated with eddy covariance data from flux towers
(Heinsch et al., 2006), NPP using terrestrial field assessments are currently the only
independent data source for validating MOD17 NPP (Turner et al., 2006). There have been
hypotheses on drivers for discrepancies between terrestrial and remotely sensed NPP, but
have yet to be examined in Europe on the continental-scale. This include differences in stand
density (Hasenauer et al., 2012), the impact of the sampling design (Hasenauer and
Eastaugh, 2012) and the effect of terrestrial estimation methods (Thurnher et al., 2013).
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2 Vision and objectives

This thesis aims to create and validate a consistent pan-European Net Primary Production
(NPP) dataset, which was not available before this study. Two independent methodologies
for estimating NPP are employed, the MOD17 algorithm and terrestrial forest inventory data.
MOD17 provides continuous coverage of NPP using MODIS satellite data and the forest
inventory data are obtained to evaluate and understand the results of MOD17.

This thesis has the following objectives:

e Test suitability of forest inventory data for linking with MOD17 NPP to understand the
conceptual limitations on country scale,

e collate and harmonize forest inventory data and tree carbon estimation methods for
13 European countries,

e create pan-European MODIS NPP using new daily European climate data set
(“MODIS EUROQ”) evaluated with terrestrial NPP using forest inventory and
harmonized carbon estimation methods across Europe, and

e analyze conceptual discrepancies between the two NPP data sets and explore future
applications of the consistent, continuous temporal and spatial explicit NPP dataset
MODIS EURO.
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Figure 1: Workflow, associated scale examples and key outcomes leading to completion of this study.



3 Net Primary Production using remote sensing and forest
inventory data

The publications supporting this thesis followed several steps along a gradient in scale and
cover my first three objectives (Figure 1). A local pilot study in Austria compares for the first
time forest inventory data with NPP from MOD17 (Paper 1 provided in Appendix 7.1). A pan-
European compilation of tree carbon estimation methods provides the means to compute
forest inventory NPP across Europe (Paper 2 provided in Appendix 7.2). Forest inventory
NPP across Europe is used to evaluate a newly created regional MODIS NPP dataset (the
“MODIS EURO” dataset, covering EU-27 including Norway, Switzerland and the Balkan) at
different scales and gradients (Paper 3 provided in Appendix 7.3). | refer to the Appendices
for a detailed description of the used data and methodology and the deduced results.

The last objective | elaborate here by describing the conceptual differences between NPP
using MOD17 and forest inventory data using selected topics relevant across the three
papers and the genesis of this thesis. Such conceptual drivers have an impact irrespective of
the location of the study, the used input data or the spatial scale.

3.1 Two conceptually different methods for estimating NPP

Net Primary Production (NPP) is the net carbon uptake by vegetation that is converted into
plant biomass (Running et al., 2004). While it is largely impossible to directly measure NPP
due to the complexity of the associated processes (Clark et al., 2001), NPP can be estimated
using two different and independent methods on the country-scale (Austria) in Paper 1 and
on the continental-scale (Europe) in Paper 3. Prior to that, Paper 2 compiled the tree carbon
estimation methods used in Europe. To understand discrepancies, it is important to
understand the conceptual differences between the two methods.

On the one hand, NPP can be estimated as the difference of Gross Primary Production
(GPP, the amount of chemical energy produced via photosynthesis) minus maintenance
respiration (energy for supporting and maintaining living biomass) minus growth respiration
(additional energy needed for creating new plant biomass). This approach derives NPP from
its physiological potential by accounting the energy plants have to spend for maintaining their
metabolism and body. The MOD17 algorithm (Running et al., 2004; Zhao and Running,
2010) follows this logic.

On the other hand, NPP can also be estimated by adding up the carbon invested into
produced plant compartments (Malhi et al., 2011). Most important compartments are the
photosynthetic active parts carrying chlorophyll (needles, leaves), the belowground system
for collecting water and nutrients (fine roots) and the respective supporting structures (stem,
branches and coarse roots) (Olson et al., 2001; Thornton, 1998). The first two have little
share in forest carbon stocks (Friedlingstein et al., 1999; Helmisaari et al., 2002), but account
for substantial carbon allocation by frequent annual turnover (Finér et al., 2011; Liu et al.,
2004). Deriving NPP from the sum of carbon built into plant compartments is employed when
using terrestrial observations of plant growth (Olson et al., 2001; Scurlock and Olson, 2002).

MOD17 follows the first approach and using forest inventory data (NFI) the second. Ideally
both methods should come up with the same results. However, discrepancies have to be
expected because the two approaches are conceptually very different and use varying input
to derive NPP (Figure 2). A gap between the NPP results was found both in Paper 1 for
Austria on the country-scale (Figure 2 of Paper 1 in Appendix 7.1) and for Europe on
continental-scale (Table 2 of Paper 3 in Appendix 7.3).
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Figure 2: Conceptual illustration of estimating NPP using MOD17 algorithm (left) and using Terrestrial
forest inventory NFI data and carbon estimation methods (right).

3.2 Representation of trees in the two model frameworks

Errors in each of the four contributing components to NPP (GPP and respiration for MOD17
and carbon increment, litter fall and fine roots for NFI NPP) can lead to discrepancies (Figure
2). A description of the NPP components and how forests and trees are integrated and
represented in the two modelling frameworks is helpful to understand discrepancies.

There are conceptual differences how trees are represented and implemented in the two
NPP modelling frameworks. Net Primary Production is the net increase in carbon allocated
into vegetation. Thus both methods require some information describing vegetation quantity
or abundance.

3.2.1 MOD17 algorithm

At first, GPP gets estimated by employing the radiation use efficiency concept (Monteith,
1972) and accounting for limitations due to low temperature and water stress. MOD17 uses
biome-specific parameters stored in the Biome-Property-Lookup-Tables (BPLUT) covering
11 biomes, because such effects vary between different biomes (for instance broadleaf
forests versus grassland). Next, NPP is deduced from GPP by accounting for respiration
(Figure 2). To highlight the variables describing vegetation, spatially and temporally explicit
drivers are marked bold and biome-specific parameters from the BPLUTs in italics.

GPP = 0.45 - SWyag * LUEMAX - frmp - 00 - FPAR (1)

SWrad is short wave solar radiation load, of which 45% is photosynthetically active, and is
calculated using the MT-CLIM model (Thornton and Running, 1999). LUEmax is the
maximum light use efficiency, which gets adjusted by multipliers frmi, and f,pq to account for
water stress due to low temperature (Tmin) and vapor pressure deficit (VPD). All three are
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biome-specific and are from the Biome-Property-Lookup-Tables (BPLUT) indicated by italic
letters. The BPLUTs were first published in (Zhao and Running, 2010) and are also shown in
(Hasenauer et al., 2012). FPAR is the fraction of absorbed photosynthetic active radiation
and is the only spatial and temporal explicit variable (indicated by bold letters) obtained from
remote sensing data in the GPP submodel.

NPP = GPP — leaf mass - leaf mr - Q10_mr - leaf _mass - froot leaf ratio fineroot mr -
Q10 _mr - leaf_mass - livewood leaf ratio - livewood _mr- Q10 _mr —0.25 - NPP (2)

leaf_mass = LAl / SLA (3)

NPP is finally the difference of GPP and the maintenance (leaves, live wood and fine roots)
and growth respiration. leaf_mass, the biomass of needles and leaves, describes the
abundance of vegetation in the MOD17 algorithm and is obtained using remotely sensed
Leaf Area Index (LAI) marked bold and Specific Leaf Area (SLA), a biome-specific constant
from the BPLUTs. Using leaf mass, the alive plant compartments, fine roots and live wood,
are deduced using biome-specific allometries, froot leaf ratio and livewood leaf ratio. The
biome-specific parameters leaf_mr, fineroot_mr and livewood_mr provide a base respiration
rate for the compartments leaf, fine roots and live wood, which are modified by climate.
Q10_mr is an exponent shape parameter controlling respiration as a function of temperature.
Growth respiration is the energy need for constructing organic compounds and was
empirically parametrized with 25% of the NPP (Cannell and Thornley, 2000; Running and
Zhao, 2015).

Thus spatial and temporal variation in vegetation properties is captured in MOD17 solely via
LAl and FPAR obtained from remote sensing data (Yang et al., 2006) and differences in
vegetation types via the biome-specific constants from the Biome-Property-Lookup-Tables.

3.2.2 Forestinventory NPP

Using forest inventory data, carbon increment in forests is estimated using repeated
observations of tree carbon stocks. Figure 2 shows, that NPP is the sum of carbon increment
of trees, aboveground litter fall and belowground fine root turnover (Olson et al., 2001;
Scurlock and Olson, 2002).

NPP = CARB_INC + LF + FR (4)

CARB_INC is the gain of carbon stored in plant biomass and is estimated based on carbon
stock estimation between 2 consecutive inventory periods. LF is the litter fall of aboveground
compartments such as leaves, needles, but also branches or fruits and FR is the amount of
carbon needed for fine-root turnover and their exudates. Both are estimated using the
species- and climate-sensitive method proposed by (Liu et al., 2004) and assuming
proportionality between above and belowground litter fall (Raich and Nadelhoffer, 1989).

Tree carbon for CARB_INC is derived from tree biomass (approx. 50% of biomass is carbon,
Table A.1 in Appendix 7.2). Biomass in turn is estimated with terrestrial tree measurements
such as diameter and tree height provided by forest inventory data (NFI) using biomass
functions or biomass expansion factors. The employed functions are developed using
regression analysis with samples obtained from destructive sampling of trees. Since each
country uses their own methodology, Paper 2 in Appendix 7.2 compiles the different
methods.

All of the methods of the 13 countries of this study use diameter at breast height (DBH) as an
independent variable to predict biomass. For most countries and most species in addition to
tree height is used and some countries also use other variables such as tree age, crown ratio
or stem volume (Appendix 7.2). Thus each tree is described by at least tree species and
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diameter and depending on the countries methodology different carbon results are obtained
even when using the same input data (Figure 3).
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Figure 3: The tree carbon for Pinus sylvestris using one consistent input dataset and the estimation
methods from different countries. Within countries there is no variation besides by tree diameter
(DBH), since tree height is calculated using DBH. The figure is modified from Appendix 7.2

The carbon content of a single tree increases by diameter, since trees accumulate carbon
over time via photosynthesis. The carbon content of a forest is the sum of carbon of the trees
of an NFI plot and thus driven by their abundance, species, diameter, tree height, etc.
Carbon increment is calculated as the difference of two carbon stocks accounting for
mortality and new trees (Eqg. 4 in Appendix 7.1).

In forest inventory data, forests are represented by the properties of single trees assessed on
an inventory plot and NFI NPP change by using different carbon estimation methods.
MOD17 observes each forested pixel as one homogenous canopy layer with a certain biome
type, LAl and FPAR, and provide consistent results across countries. Interpreting
discrepancies between MOD17 and NFI NPP (Figure 2; Appendix 7.1 and 7.3) needs
consideration of the outlined conceptual differences. For instance, German will modify their
estimation procedure to derive tree carbon in future reportings on their forest inventory. This
will results in an reduction of the estimated tree carbon stocks by 4.3 % (Kéndler and Bdsch,
2013) as compared to the current method used in Paper 2 (Appendix 7.2) and thus will
change also the German NFI NPP.

3.3 Climate-sensitivity

The effect of climate is a primary driver in NPP estimates using the MOD17 algorithm.
Climate affects and regulates plant growth (Thornton, 1998; White et al., 2000) and a key
strength of MOD17 is the climate-sensitivity incorporating into its submodules, such as the
temperature-dependent modifier of light-use efficiency (Eqg. 1). Previous research showed
that inaccuracies in the climate data driving MOD17 can have a substantial effect on the
agreement of predicted GPP and NPP with reference data (Heinsch et al., 2006; Zhao et al.,
2005). For the global MOD17 dataset the NCEP climate data is used, current version NCEP-
DOE Reanalysis 2 (Kanamitsu et al., 2002), which is constantly updated and freely available
worldwide.

For this study, a new NPP dataset (“MODIS EURQO”) was derived by rerunning the MOD17
algorithm after replacing the global NCEP data with European focused daily climate data on
a 1-km resolution (Moreno and Hasenauer, 2015). The same vegetation information (Land
cover map and LAI/FPAR datasets) was used for MODIS EURO as was used for the original
global MODIS NPP estimates. MODIS EURO (average NPP 577 grams carbon m?year™) is
comparable with NFI NPP (average NPP 539 gC m* year") across countries, while global
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MOD17 NPP (average NPP 680 gC m?year) shows a systematic overestimation (Figure 4).
Using new and more accurate climate input in MOD17 results in lower NPP across Europe
(minus 103 gC m? year' or minus 15 % for Europe; Table 2 in Appendix 7.3). The same
effect (minus 159 gC m? year' or 22 %) was also observed in the pilot study in Austria
(Paper 1 in Appendix 7.1) by rerunning MOD17 using an DAYMET interpolation (Hasenauer
et al., 2003) of national weather stations from Austria. An interpolation on a European scale
was not possible due to insufficient availability of raw weather station data.

MODIS EURO and NFI NPP show agreement not only on country-scale but also across
gradients such as elevation, tree age or dominant species (Figures S6 to S9 in Appendix
7.3). Thus, using high-resolution reliable climate data in MOD17 provides consistent, pan-
European NPP across different scales and gradients. This NPP dataset accounts for the
climatic effects to forest growth over time and also the response of vegetation to changing
climate via reaction in LAl and FPAR.
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Figure 4: Comparison of MODIS EURO vs. NFI NPP on the country-scale. Bottom-right corner
compares NFI NPP with the global MODIS NPP product. The figure is taken from Appendix 7.3



3.4 Forest stand density effects

The density of forests affects the growth rates of single trees and their allocation patterns
(Assmann, 1970) via changes on the increment of diameter and height, both of which are
inputs to carbon estimation methods (Paper 2 in Appendix 7.2). In addition, a forest with
sparse canopy cover could have gaps with trees below diameter threshold (Table S1 in
Appendix 7.3), which are not captured by NFI data and do not contribute to NFI NPP. On the
other hand, LAl and FPAR, which are the key inputs of MOD17 to describe vegetation,
capture all vegetation independent of diameter by assuming full coverage. MOD17 does not
integrate variability such as density effects, unless LAl and FPAR across a 1 km?2 pixel are
substantially changed. Previous research in Austria illustrates the importance of stand
density to understand discrepancies between MODIS NPP and NPP using terrestrial forest
information (Hasenauer et al., 2012).

The Stand Density Index (SDI) was used in this study as a measure for competition between
trees (Reineke, 1933). Across scales, stand density showed a substantial effect on the
discrepancies between MOD17 results and forest inventory NFI NPP (Appendix 7.1 and 7.3).
Plotting ANPP (discrepancy between MODIS EURO using European climate data and NFI
NPP) by SDI reveals a significant (p < 0.001, a = 0.05) negative trend. This pattern is also
apparent on the country-scale (Figure 7 in Appendix 7.3) or using alternative measures for
stand density such as CCF, the Crown Competition Factor (Krajicek et al., 1961) in Figure 3
in Appendix 7.1.

MODIS EURO overestimates NFI NPP by 12% of the average European NPP equal 70 gC
m?year' (ANPP median for SDI < 200; Figure 5). Such a difference could be explained by
gaps in the canopy cover with small trees, grass or shrubs not measured by forest inventory
data. The discrepancy gets smaller with increasing density and at SDI from 400 to 600 both
NPP estimates agree. At large stand density, ANPP gets negative and thus NFI NPP
exceeds MODIS EURO (-19% of average NPP equal -107 g m?year'; ANPP median for SDI
> 1000). Such high SDI values could indicate very dense but small-scale forest areas with
understory and suppressed trees under the canopy that are rare on a landscape scale.
MOD17 covers 1 km? pixels and cannot capture such small-scale features. The pattern of
ANPP is in fact caused by NFI NPP, while MODIS EURO does not change with SDI (Figure
S10 in Appendix 7.3).
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Figure 5: NPP difference ANPP between MODIS EURO using MOD17 with local climate data and NFI
NPP from 13 European countries grouped by classes of Stand Density Index (Reineke, 1933). The
figure is taken from Appendix 7.3



This study suggests that stand density is a key variable to explain discrepancies between
MODIS EURO and NFI NPP, as opposed to other gradients such as tree age, elevation,
water balance deficite, dominant species or tree height (Figure 6 in Appendix 7.1 and Figure
5 and Figures S6 to S9 in Appendix 7.3).

The agreement of MODIS EURO and NFI NPP at average stand density in Figure 5 (Mean
SDI across Europe is 469; Appendix 7.3) can also be related to the calibration of the Biome-
Property-Lookup-tables (BPLUTs) of MOD17 (Zhao et al., 2005). For calibrating the BPLUTSs,
terrestrial NPP from research plots across the globe were used (Olson et al., 2001; Roy et
al., 2001; Scurlock and Olson, 2002) and parameters such as specific leaf area or the ratio of
live wood to foliage (Eqgs. 2 and 3) were calibrated to match the median (Zhao et al., 2005).
Thus MODIS NPP represents average conditions and might have difficulties in capturing very
high and low stand densities. Unfortunately the literature on the terrestrial calibration data do
not provide information on density and it is not possible to compare the density of the
calibration dataset with European conditions.

3.5 Scales and coverage with data

There are also key differences between MODIS NPP driven by remote sensing data and
terrestrial NPP from forest inventory data in terms of their scale and coverage. MOD17 is
driven by data from the MODerate-resolution Imaging Spectroradiometer (MODIS) mounted
on the satellites Terra and Aqua operated by National Aeronautics and Space Administration
(NASA). The spatial resolution of the data products used in the MOD17 algorithm, MCD15, is
currently 1 km or 0.0083° at the equator.

Forest inventory data (NFI) is collected on systematic grids using sample plots (Tomppo et
al., 2010). The grid spacing of the NFI data from the 13 countries used in this work varies
between 0.5 to 11 km, mostly between 2 and 4 km (Table S1 in Appendix 7.3). At the grid
points, there are either single plots or a cluster of multiple plots (6 countries with clusters and
7 with single plots). Consequently, the number of plots varies according to the grid design but
also the number of plots at each grid intersection. Figure 6 depicts the conceptual spatial
differences in scale between MODIS data and two forest inventory systems covering a
hypothetical area of 10 by 10 km.
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Figure 6: Comparison of MODIS data (1 km grid) with two NFI systems: Austria — cluster of 4 plots
every 4 km (red squares), and Norway — single plots every 3 km (blue circles), sizes of squares and
circles are not true to scale.

A region of 10 by 10 km (100 km?) is covered by 100 MODIS pixels. A forest inventory using
the system of Austria would have in total 36 plots (9 grid points each with 4 plots) and using
the Norwegian system would result in 12 plots (information on other countries in Table S1 in
Appendix 7.3). Thus the number of samples is very different not only between MOD17 and
forest inventory in general, but also between the single forest inventories. The error structure
and variation of the two NPP results is thus different (Moreno et al., 2016) and explains the
high variation of NFI NPP as compared to MOD17 NPP (Appendix 7.1 and 7.3).

The NFI data also differs in terms of the procedure to select sample trees for tree
measurements. The two sampling techniques commonly used are fixed area plots and angle
count sampling (Bitterlich, 1948). Out of the 13 countries with available NFI data, 3 countries
use angle count sampling (Finland, Austria and Germany). For fixed area plots, which are
usually circular, only the distance from the tree to the center of the plot is relevant. For angle
count sampling, the ratio of diameter and distance to plot center determines the selection of
sample trees. Angle count sampling overestimates volume as compared to fixed area plots,
particularly in conditions with low volume and small diameters (Hasenauer and Eastaugh,
2012).

The data sources differ also on the temporal scale. The MOD17 results are usually
aggregated to annual values and provide since 2000 annual NPP. The NFI data was
selected to match the temporal coverage with MODIS data. However the time of the
inventory measurements differ by country (re-measurements every 5 to 10 years, details in
Appendix 7.3). Thus the NFI data cover different time periods. For instance, Norwegian NFI
used in this study was collected in 2000 to 2004 with re-measurements in 2005 to 2009.
Thus Norwegian NFI NPP represents a 5-year mean for the period 2000 to 2009. The NFI
from Austria provide data for 2000 to 2002 and 2007 to 2009, resulting in 7-year means for
2000 to 2009.
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3.6 Litter fall and fine root turnover

As shown at the beginning of this section, NPP includes all biomass compartments of a tree
both above and below ground (Figure 2). Aboveground litter fall (Berg and Meentemeyer,
2001) and fine root turnover (Finér et al., 2011) account for a substantial share of forest NPP.
Average NPP of European forests is approx. 1154 grams dry biomass m? year' (assuming
50% carbon; MODIS EURO from Appendix 7.3). Litter fall measurements of European
coniferous forests result in 347 + 15 g m? year' (mean + standard error) and in broadleaf
forests 442 + 21 g m?year™ (Liu et al., 2004). Fine root production in temperate forests is
337 + 36 g m*?year™ (Finér et al., 2011).

Estimating aboveground litter fall for NFI NPP was done using a climate-sensitive model
developed for Eurasian forests (Liu et al., 2004). Belowground fine root turnover was
assumed to be proportional to aboveground litter fall (Raich and Nadelhoffer, 1989). This
method of estimating fine-root turnover as a proportion of litter fall is often done if empirical
data is missing (Olson et al., 2001; Scurlock and Olson, 2002).

The litter fall estimates from this study equal fine root turnover and are 364 + 0.15 g m?year
(Median 345 g m? year”, Standard deviation 64 g m?year") and are in similar range with
literature (Finér et al., 2011; Liu et al., 2004) but with a much smaller variation (Figure 7).
Note that these values represent dry biomass, which differ from NPP results representing
carbon (carbon is approx. 50% of biomass).

A substantial share of NPP in Europe is litter fall and fine root turnover with 33% of NPP
each and only 34% of NPP get allocated into long-lived tree biomass (CARB INC covering
mostly stem, branches and coarse roots; Figure 7). Similar patterns were also observed by a
study in tropical forests with litter fall 34 £ 6% and fine roots 27 + 11% versus allocation into
wood of 39 £ 10% (Malhi et al., 2011).
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Figure 7: Components of Terrestrial NFI NPP - tree carbon increment CARB INC and litter fall and fine
root turnover LF+FR. MODIS EURO is NPP using MOD17 algorithm and local climate data. The box
represents the Median, the 25" and 75" percentile, the diamond the arithmetic mean, the whiskers
extend to 1.5 of the interquartile range, values outside this range are indicated by circles, on the
bottom the number of observations are given. To enhance the interpretability, CARB INC and NFI
NPP larger 2100 gC m? year” are not shown, but included in the boxplots.
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4 Discussion and Conclusion

By re-running the MOD17 algorithm with local European climate data, this study provides a
spatial and temporal explicit (annually 2000 to 2012, 1-km resolution) pan-European Net
Primary Production dataset (“MODIS EUROQ”). Forest inventory data from 13 European
countries were collated and harmonized to obtain a terrestrial NFI NPP dataset, which is
independent from “MODIS EURQO”. These two NPP sources are comparable across scales
and gradients (Appendix 7.3), while the MOD17 NPP using the global climate driver shows a
systematic overestimation compared to NFI NPP for most European countries. This suggests
that the newly created MODIS EURO dataset is able to capture the specific conditions of
European forests and is useful for large-scale spatially explicit assessments of carbon
sequestration or the response of forests to climate change.

The papers and their key findings summarized in this study highlight the respective strengths
and weaknesses of the two employed methodologies. This study also identified Key
conceptual differences between the two methods, which will help to interpret potential
discrepancies detected in future studies. Combining both methods will utilize their respective
advantages.

Advantages MOD17

¢ Consistent, continuous coverage

Climate sensitive

Annual resolution
Terrestrial data only needed for validation

High efficiency for large-scale assessments by
using remote sensing data

Advantages NFI NPP

¢ Assessing the carbon accumulation by trees
e Capturing tree allometries or stand density
¢ Error analysis possible

e Comparable to country statistics such as FAO or
LULUCF reportings

Figure 8: Advantages of MOD17 versus NFI NPP, FAO is the Food and Agriculture Organization of
the United Nations and LULUCF stands for land use, land-use change and forestry. Pictures used with
courtesy from NASA (top) and Bundesamt und Forschungszentrum fiir Wald (bottom)

The MOD17 algorithm exhibits the unique advantage in providing spatially explicit NPP with
annual resolution using a consistent methodology. While the primary 8-day estimates are
usually aggregated to annual values, it is also possible to compute inter-annual, seasonal
NPP. The algorithm is sensitive to climate and incorporates the response of vegetation due
to changes in the environment via the remotely sensed LAl and FPAR maps. Terrestrial data
is only needed to validate the input data and the NPP results. Field data could also
potentially be used to recalibrate the parameters of the Biome-property-lookup-tables. By
using satellite remote sensing data and climate data, large-scale information can be obtained
in a highly cost-efficient way.

An important feature, which makes NPP using terrestrial NFI data unique, is its ability to
assess the actual carbon accumulation by trees on the ground. This permits evaluating
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MOD17 results and quantifying the amount of carbon allocated into trees considering local
differences in wood density or biomass allometries (Appendix 7.2). Additionally, field
assessments are able to describe the forest structure. Error analysis is possible to quantify
the reliability of the estimations (mean * standard error), since NFI data is collected using
sample plots on a systematic grid. Forest inventory systems were established to monitor
forest resources such as tree carbon stocks (Tomppo et al., 2010). National country statistics
and reports for FAO, Kyoto or LULUCF (Land use Land-use Change and forestry)
traditionally use carbon accumulation assessed from NFI data. Thus carbon increment from
NFI data is conceptually comparable with such statistics. Although collecting field data is
labor-intensive especially due to travel costs between inventory plots, the procedure of
collecting information on the ground is rather simple such as diameter and tree height
measurements.

The new dataset MODIS EURO can be used to study NPP and its components across
Europe in more detail. Each of the components of NPP, carbon increment, litter fall and fine
root activity, account each for approximately a third of total NPP. With forest inventory data
we can analyze carbon increment, but further research and other data sources are needed to
understand the importance and variation of litter fall and fine root turnover. The model
employed in this study (Liu et al., 2004) is not able to fully explain the observed variation in
litter fall because the litter fall estimations of this study have a substantially lower variation
than observations of litter fall. A more mechanistic, process-oriented or biological-constrained
approach could be useful in this context, for instance by using remote-sensing Leaf Area
Index (He et al., 2012) or foliage biomass (Harkénen et al., 2011; Tupek et al., 2015), which
has to be validated with independent observations.

MOD17 can be used with other current available or upcoming data products as well, such as
more accurate climate data, Leaf Area Index or land cover maps. This is especially
important, since it is unknown how long data from the MODIS sensor will be available. The
satellites carrying the MODIS sensor were launched in 1999 (Terra) and 2001 (Aqua) and
their design life time and planned mission duration was 6 years (Parkinson, 2003). Besides
ensuring continuous coverage with data, using new data could also enhance the MOD17
predictions, for instance through the higher spatial resolution of Landsat 8 and its sensor
Operational Land Image (OLI) or the Sentinel satellites from the Copernicus Programme.

The MODIS EURO dataset can be used for climate impact studies both on forest and not-
forest vegetation such as crops or shrub-lands. Analysis of NPP anomalies will deepen the
understanding of spatial patterns in environmental stress and mortality, as outlined by a
global study on drought impacts (Zhao and Running, 2010). Consistent NPP information is
useful when linking remote sensing and terrestrial data (Moreno et al., 2016) for instance to
obtain large-scale forest information such as growing stock or tree carbon. Such information
can in turn be used for assessing the potential biomass supply for the bio-based economy
(McCormick and Kautto, 2013). Understanding and combining remotely sensed satellite data
with terrestrial field data could push forward and revolutionize our insights in the processes of
our planet.
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Abstract: The mission of this study isto compare Net Primary Productivity (NPP) estimates
using (i) forest inventory data and (ii) spatio-temporally continuous MODIS (MODerate
resolution Imaging Spectroradiometer) remote sensing data for Austria. While forest
inventories assess the change in forest growth based on repeated individua tree
measurements (DBH, height etc.), the MODIS NPP estimates are based on ecophysiological
processes such as photosynthesis, respiration and carbon allocation. We obtained repeated
national forest inventory data from Austria, calculated a “ground-based” NPP estimate and
compared the results with “ space-based” MODIS NPP estimates using different daily climate
data. The MODIS NPP estimates using local Austrian climate data exhibited better
compliance with the forest inventory driven NPP estimates than the MODIS NPP predictions
using globa climate data sets. Stand density plays a key role in addressing the differences
between MODIS driven NPP estimates versus terrestrial driven inventory NPP estimates.
After addressing stand density, both results are comparable across different scales. As forest
management changes stand density, these findings suggest that management issues are
important in understanding the observed discrepancies between MODIS and terrestrial NPP.
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1. Introduction

Productivity estimates are important measures to characterize the mass budget of a forest
ecosystem. In this context, the carbon balance and carbon storage of the earth’s ecosystems and their
gpatial and temporal development is important. A measure for the carbon flux is Net Primary
Production (NPP) which describes the carbon uptake by vegetation through photosynthesis.
In principle, large scale carbon measures are currently provided by National Forest Inventories, flux
towers and remotely sensed methods, such as the MODIS (MODerate resolution Imaging
Spectroradiometer) NPP agorithm.

Researchers in previous studies have compared MODI S satellite-driven NPP with NPP estimates
derived using terrestrial data [1-3]. Shvidenko et al. [1] found that for Russia the two estimates
comply on average. Pan et al. [2] observed deviations between MODIS and terrestrial NPP using
inventory data from the mid-Atlantic region of the USA and suggest that differences in water
availability explain this variation. Hasenauer et al. [3] also found similar deviations and concluded that
the different data sources for predicting NPP compare well after addressing forest management
impacts. The authors further suggest that a combination of “ground-based” forest data with
“space-based” forest productivity estimates would utilize the advantages of both methods.

National forest inventories are established for a continuous monitoring of the forest situation across
countries. They are often based on a systematic permanent grid design. For each sample plot, alimited
number of trees compared to the total forest area[4] is recorded to provide information on the standing
growing stock, increment, species composition and other information needs relevant for forest
management [5,6]. Such forest inventories are usually repeated every five to 10 years. Examples for
national long term forest inventories can be found in countries such as Austria, Norway, Finland,
Germany, etc. [4].

The MODIS NPP algorithm is based on remote sensing techniques and was developed for
estimating large-scale forest productivity [7,8]. MODIS is a satellite-mounted sensor operated by the
National Aeronautics and Space Administration of the United States (NASA) that provides large-scale
information on global dynamics and processes. The MODIS algorithm MOD17 uses satellite data,
climate data and biophysical properties of various cover types to derive eight-day GPP (Gross Primary
Production) and NPP estimates on a 1 x 1 km pixel resolution. This data source may be seen as a
“space-based” approach and provides continuous coverage across the global land area to assess
forest productivity.

The differences of the two approaches are as follows:

(i) The MODIS satellite-driven NPP is based on the principles of carbon uptake following
light use efficiency logic [9] using a simplification of the NPP algorithms implemented in
BIOME-BGC [10]. According to the hypothesis put forth by Hasenauer et al. [3] the MODIS
NPP algorithm assumes a fully stocked forest for a given vegetation class or biome type and
provides eight-day results NPP estimateson a1l x 1 km grid.
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(i) NPP estimates derived from terrestrial forest growth data (permanent sampling plots or forest
inventory data) employ biomass expansion factors or biomass functions based on repeated
observations such as breast height diameter (dbh) and/or tree height (h). Depending on the
measurement interval the derived increment results represent a mean periodic average. Since
this method is based on individua tree observations (e.g., dbh, h), potential changes in tree
growth due to stand age, stand density or environmental effects such as weather patterns or
CO2 concentration are included as they affect dbh and h devel opment.

Several studies have compared satellite to terrestria inventory data[1,2,11-16], however, no analysis
has compared forest inventory datato MODIS NPP in Central Europe.

The mission of this paper is to compare space-based MODIS satellite-driven NPP data to
ground-based inventory data driven NPP estimates using the Austrian National Forest Inventory
Data. This Forest Inventory is based on a systematic permanent grid design with repeated
observations [5,17]. The objectives of our study are:

(i) obtain MODIS NPP estimates (using different climate data) for comparing the results with
terrestrial-driven NPP estimates

(ii) examine the potential effects of stand density, MODIS land cover types, stand age, species
composition, ecoregion and elevation on NPP estimates by method.

2. Methods
2.1. MODIS NPP—" Space Based” Approach

We use the agorithms for the MODIS products MOD17A2 and MOD17A3, which provide
global Gross and Net Primary Production (GPP, NPP) estimates for a1 x 1 km pixel on an eight-day
time-step [7,8]. The algorithm calculates GPP as

GPP = LUE, , X0.45x S\ rad x FPARX f,op % f; . (1)

where LUEnmax is the maximum light use efficiency, S\Wrad is the short wave solar radiation load
at the surface of which 45% is photosynthetically active, FPAR the fraction of absorbed PAR
(Photosynthetic Active Radiation) from the MOD15 product, and fveo and frmin, Which are multipliers
between 0 and 1 addressing water stress due to vapor pressure deficit (VPD) and low temperature
limits (Tmin, daily minimum temperature). Values that determine the LUEmax and the Tmin and
VPD multipliers limits are stored in the Biome Property Type Look Up Tables (BPLUT) and cover
five forest biome types: (i) ENF—Evergreen Needleleaf Forest, EBF—Evergreen Broadleaf Forest,
DNF—Deciduous Needleleaf forest, DBF—Deciduous Broadleaf Forest, and MF—Mixed Forests ([ 3]
for the model coefficients).

Annual Net Primary Production (NPP) is calculated from Gross Primary Production (GPP) by
subtracting the autotrophic respiration components (i) maintenance respiration Rm and (ii) growth
respiration Ry and summing up over ayear to get annual values:

365

NPP=>'GPP-R - R )

i=1
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With 366 days for leap years, Rm and Ry are calculated using leaf areaindex (LAI) from the MOD15
product, climate data, and parameters from the BPLUTSs. For further details, please refer to the original
literature [7,8].

2.2. Terrestrial NPP—* Ground Based” Approach

NPP can be caculated as the sum of biomass increment, mortality, and turnover of foliage and
fine roots [18]. We employ volume and biomass functions along with repeated observations to get
increment and mortality. Turnover of foliage, including mortality of other plant components, is
represented by a climate-sensitive litterfall model [19]. The advantage of this modd is the requirement of
little input data and assumptions compared to calculating litterfall using biomass and turnover rates [18].
We lack areliable model for fine root turnover in Austria and we assume that carbon uptake of fine
roots is already incorporated in litterfall and coarse root increment.

2.2.1. Increment Estimation

Originally forest growth data was intended to provide volume increment in m*ha per growth
period [6]. The growth period varies depending on the temporal measurement interval of terrestrial
sample plots. We develop a consistent and comparable terrestrial productivity data set by deriving NPP
estimates using forest inventory data starting with:

NPP = ir‘lcplot + CLitter (3)

where Criter is the flow of dry carbon into litter [gC/m?/year] as defined in Equation (9), incpiet is the
dry carbon increment of trees (above and below ground biomass) [gC/m?/year] resulting from repeated
plot observations taken at the end Crorest_2 minus those observations taken at the beginning Crorest_1 Of
the growth period

incplot = CForest_z - CForei_l 4)

Equation (4) gives the common way to calculate increment for repeated observations and terrestrial
plot data, the carbon values (Crorest 1 @nd Crorest 2) being the sum of the tree carbon estimates
calculated from repeatedly measured diameters at breast height (dbh) and tree heights (h) for a given
tree. The National Forest Inventory of Austria use a combined recording system with (i) fixed area
plots for trees ranging in dbh from 5 cm to 10.4 cm and (ii) an angle count sampling system [20] for
al trees with a doh>10.4 cm. In angle count sampling the stem number represented by a sample
tree changes by diameter and thus the represented tree population changes too, which differs from
fixed-area plots (e.g., used in the National Forest Inventory system of Norway [4] or permanent
research plots like the “ Austrian Waldboden-Zustandsinventur” [21]). This affects volume or biomass
stocks as well as periodic increment and thus the results from fixed area plot sampling are quite
different compared to angle count sampling [6].

In principle, three different approaches in estimating increment form angle count sample data exist:
(i) the starting value method; (ii) the end value method and (iii) the difference method.

For details we refer to Schieler [22] and Hasenauer and Eastaugh [6]. All three methods are
statistically sound and deliver unbiased results [23,24].
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For our study, we use the starting value method, which is also used by the Austrian Nationa
Forest Inventory:
ir]Cplot = ZI r.ICsurvivors + ZI nClngrO\Mh (5)

where incpiot IS the periodic increment on each plot resulting from Y inCsurvivors the “survivor trees’,
which were also sampled in the last measurement, and > inCingrowth the “ingrowth trees” or trees, which
have reached the threshold during the re-measurement period and are thus selected [6,22,25].
The carbon increments of the “survivor trees* are calculated as

3 NCyrivors = Z:((Cz - Cl) X nrepl) (6)
and the carbon increments of the “ingrowth trees’” are
Zi NCigrowth = Z(C,xnrep,) (7)

nrepi is the “represented” stem number per hectare at time 1 or time 2 and depends on the basal area
factor k and the individual tree basal area g (for trees with dbh >10.4 cm nrepi = k/g and for trees with
dbh 5-10.4 cm nrepi = 10,000/(2.6°t) = 470.9). Ci are the carbon estimates for this “representative”’
tree at time 1 or time 2.

2.2.2. Carbon Estimation

The carbon increment calculation requires carbon estimates for each tree on a given inventory plot.
For our study, we use the same method as applied by the Institute of Forest Inventory, Federa
Research Centre for Forest, the agency responsible for the National Forest Inventory in Austria. The
total dry carbon tree estimates of asingletree, Ci, can be calculated as follows:

C =CCx(dsm+dbm+ dfm+drm) (8)

where CC is the carbon content and considered to be 0.5 for al species [26], dsmis the dry stem mass
including bark, dbm the dry branch mass, dfm the dry foliage mass and drm the dry root mass with a
diameter >2 mm.

The calculation of tree biomass is done using volume and biomass functions developed and used in
Austria (see Appendix).

2.2.3. Litterfall Estimation

The last compartment for estimating NPP from terrestrial data in Equation (3) is the carbon flow
into litter (Cuiter). We select the method proposed by Liu et al. [19], which calculates the forest litter
fall including all aboveground plant compartments according to Equations (9) and (10):

CLuwe =CCXLF (9)

Litter

In(LF)=2.296+0.741xIn(T +10) + 0.214xIn(P) (10)

Cuiter is the carbon in litterfall [gC/m?/year], CC carbon content equal 0.5 [26], LF total litter fall
[g-dry-biomass/m?/year], T the mean annual temperature 20002010 [°C], P mean annual precipitation
20002010 [mm].



Remote Sens. 2015, 7 3883

2.2.4. Stand Density Calculation

Forest management reduces stand density, stand density affects individual tree growth and thus the
“ground-based” terrestrial NPP predictions [3]. For characterizing the stand density variation on the
inventory plots we select the following two commonly used competition measures: CCF the crown
competition factor [27] with Equation (11) and SDI the stand density index [28] with Equation (14):

PCA xnr
CCF = z AA bl x100% (11)

Where PCA the species-specific potential crown area[m?] according to Equations (12) and (13)
CW
PCA = (_2 Lexrx (12)
CW — ec0+qxln(dbh) (13)

with nrepi as the representative stem number [ha'] and A the observed area. CW is the potential
crown width [m] and dbh the diameter at breast height [cm]. The PCA:i defines the crown area of atree
assuming open-grown conditions (the tree never experienced competition). Coefficients co and c1 in
Equation (13) are derived from open-grown tree dimensions [29] and are given in Table A6 in the
Appendix.

The Stand Density Index (SDI) is calculated according to Reinecke [28]:

dg 1605
DI =N| =
%) (14)

where N is the number of trees per unit area [ha], dg is the quadratic mean stand diameter at breast
height [cm], 25 is areference dg and 1.605 is the slope parameter for the maximum carrying capacity.
The SDI has been proven to be site and age independent and SDImax defines an estimate for the
carrying capacity of agiven forest type [30].

2.2.5. Determining the Dominant Tree Species and the Ecoregions

One important aspect of our study is to assess potential effects of tree species on the MODIS and
the NFI-driven productivity estimates. A grouping of the dominant tree species is done according to
the main relative proportion of the basal area at a given inventory plot. The Norway Spruce
(Picea abies (L.) Karst) and the Silver Fir (Abies alba Mill.), as relatively shade-tolerant species, are
combined in one group. The Scots Pine (Pinus sylvestris (L.) Karst.) and the European Larch
(Larix decidua Mill.) are light-demanding pioneer species and are also combined in one group.
The two main broadleaf species groups are the Common Beech (Fagus sylvatica (L.)) and the Oak
(Quercus spp.). These four groups cover 89% of the inventory plots. The remaining 11% are
dominated by tree species which are aggregated into two groups: other coniferous trees and other
broadleaf trees.

Austria has some very distinct biogeographic growth conditions due to the east-west aligned Alps.
According to Kilian et al. [31], these differences lead to typical ecoregions (see Figure 1) and are
characterized by similar environmental, macro-climatic as well as geological conditions leading to
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differences in potential vegetation. To assess the potential effect of these drivers, we assign the
ecoregions to each inventory plot according to the plot location as outlined in Figure 1. With the
ecoregions, we then can aso examine the effect of geographical location on the results.

3. Data
3.1. Climate Data

Climate data is required as input to the MOD17 agorithms that derive MODIS NPP and for
estimating the carbon content in the litterfall with Equations (9) and (10). Daily records of minimum
and maximum temperature, precipitation, vapor pressure deficit and incident short wave radiation are
interpolated from weather station data using DAYMET, a climate interpolation model [10] adapted
and validated for Austrian conditions [32,33]. DAY MET interpolates daily precipitation and minimum
and maximum temperatures from surrounding permanent climate stations. Based on the resulting
climate data, daily solar radiation and vapor pressure data are calculated [34]. The current version of
DAYMET [35] requires longitude, latitude, elevation, slope, aspect and the horizon angle facing east
and west for each given plot. The meteorological data for running DAYMET were provided by the
Austrian National Weather Center (ZAMG) in Vienna and include daily weather records from
250 stations across Austria since 1961. For our analysis, we generate daily weather dataat al x 1 km
grid across the country.

For the MODIS NPP calculations we also use two additional climate data sets called “GMAQO” and
“NCEP2’, which are described in the next chapter.

3.2. MODISData

The storage system of MODIS data consists of 286 vegetated land tiles covering the whole globe.
Each tile covers an area of 1200 x 1200 km or 1.44 million pixels. The MOD17 algorithm provides an
eight-day GPP/NPP estimate for each 1 x 1 km pixel. We sum eight-day values to annual. We use the
MODIS NPP product developed by Zhao et al. [36].

Previous studies showed that the direct use of 1 x 1 km MODIS pixel for validation may be
inappropriate [37-39]. Reported reasons are (i) mismatch between MODIS gridded pixels and
observations caused by gridding artifacts [38]; (ii) problems in the mixed land cover and surface
reflectance information and (iii) uncertainties in the information provided for building the look-up
tables [38]. We follow previous studies [3,37-39] and obtain the mean MODIS NPP of a3 x 3 pixel
patch (nine 1 x 1 km pixels) for each inventory plot. Within these 9 pixels we select only forest pixels
according to the MOD12Q1 product [8] and the classification system of Friedl et al. [40]. Pixels with
any other land cover type are ignored. For each of the forest pixels, we take the mean value of the
MODIS NPP estimates according to three different climate input data sets provided by:

(1) the NASA Global Modeling and Assimilation Offices (GMAQO) at NASA Goddard Space
Flight Center with a spatial resolution of 0.5 x 0.67° [41]. MODIS NPP derived from this data
set will bereferred to as“GMAQO”.

(2) the dally climate data set caled NCEP_DOE_Il with a spatial resolution of approx.
1.875 x 1.875° [42,43], referred to as “NCEP2”.
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(3) Austrian local daily climate data interpolated with DAY MET (see previous chapter) on 1 x 1 km
(approx. 0.0083 x 0.0083°) resolution with station data provided by the Austrian National
Weather Centre: “ZAMG”.

The difference between the MODIS NPP driven by GMAO and NCEP2 is caused by the different
global daily climatology drivers and correspondingly modified BPLUT file [44]. The first two data
sets are maintained by the Numerical Terra Dynamic Simulation Group (NTSG) at the University of
Montana, while the Austrian local climate data are maintained by the Institute of Silviculture at
The University of Natural Resources and Life Science, Vienna (BOKU).

From 1 January 2000 to 31 December 2011 for 11 full years al three variants of MODIS NPP
estimates are computed. Until February 2000, missing MODI S data is considered negligible. Although
the data is available annualy, we use the periodic mean annual NPP for these 11 years to have a
consistent and comparable temporal scaling with the forest inventory data. The variation between annual
and periodic mean MODIS NPP is small (mean standard deviation 37.1 gC/m?/year) and shows no trend
across Austria. The lack of trend and the low variation supports the use of the temporal aggregation.

Figure 1 gives the periodic mean annua MODIS driven NPP (2000-2011) estimates across the
country and demonstrates the special feature of a “space-based” satellite-driven approach, providing
continuous cover in productivity estimates for every km? across Austria.
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Figure 1. MODIS NPP for Austria calculated with NCEP2-climate data, black lines
delineate forest ecoregions [31] used in the analysis.

3.3. Forest Inventory Data

The National Austrian Forest Inventory is based on a systematic permanent grid design of
3.889 x 3.889 km over Austriawith a cluster of four inventory plots at each grid point (approx. 22,000
plots and 5500 clusters). One cluster is a square with 200 m length on each side and a plot in each
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corner. The permanent plots were established during 1981-1985, where each year every 5th cluster
was established. The inventory uses a hidden plot design where the center of each plot is marked with
a hidden iron stick to eliminate research plot bias [45]. This is important because this procedure
ensures that the Forest Inventory is representative for the growing conditions and forest management
throughout Austria. The condition of the forest is measured on each plot with an angle count sample
plot [20] using a basal area factor of 4 m?/ha for trees with dbh >10.4 cm and with a fixed area plot
(r=2.6m, A = 21.2 m?) for trees with dbh ranging from 5.0 to 10.4 cm.

For details on the plot and sampling design, see Schadauer et al. [5] and Gabler and Schadauer [17].
For details on the applied sample methodology and its advantages and constraints, see
literature [6,20,22,24,46].

We obtain the two most recent inventory measurements for our study: NFI 6, plot data recorded
from 2000 to 2002, and NFI 7, plot data recorded from 2007 to 2009 resulting in a re-measurement
interval of seven years[17]. We calculate periodic mean annua increment incpiot With Equations (3)—(5).

Measurements of diameter at breast height (1.3 m) were taken for all sample trees. In NFI 6, tree
height and height to the live crown base were only recorded for a subsample of trees on each plot.
The missing estimates were estimated by applying dbh-dependent models. In NFI 7, tree height, height
to the live crown base and dbh were recorded for every tree [17]. Data are available for approximately
9000 plots. Table 1 shows the summary statistics of the data available from the inventory plots for
our analysis.

4. Resultsand Analysis

For the presented results and figures, the median is used which is less affected by outliers and
skewed distributions. In the text the arithmetic mean is given, however, any comparison based on
mean values assumes a symmetric distribution of the results and a balanced age class distribution
of forests.

4.1. MODISNPP versus Terrestrial NPP

Since three different daily climate data sets are available for deriving MODIS NPP across Austria,
we explore the impact of different daily climate data on the resulting MODIS NPP computations.
We compute the MOD17 NPP estimates for the years 20002011 using three different daily climate
data sets. (i) GMAO; (ii) NCEP2 and (iii) ZAMG. For all three settings, the improved method for
estimating NPP according to Zhao et al. [44] is used.

The mean values for the NPP results using the local climate data set (ZAMG) 568.0 gC/m?/year
(median 579.8 gC/m?lyear, standard deviation 113.6 gC/m?/year), using the climate data of NCEP2
728.6 gC/m?/year (median 738.9 gC/m?/year, standard deviation 59.6 gC/m?/year) and of GMAO
731.5 gC/m?lyear (median 742.3 gC/m?/year, standard deviation 79.2 gC/m?/year) (Figure 2). The NPP
estimates result from the computations according to Equations (1) and (2) and the cited references.
The varying NPP computation results are due to the differences in the daily climate data sets [44],
as all other input parameters were kept constant.

For the same forest inventory plots we calculate the terrestrial NPP according to Equations (3)—(10)
and the information given in the Appendix. Note that due to the inventory design the results cover all
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trees with a doh >5 cm. The terrestrial NPP results (NFI) are also presented in Figure 2 and show a
mean of 5252 gC/m?lyear (median 486.3 gC/m?lyear, standard deviation 251.4 gC/m?year).
The numbers above the boxplots give the sample size. The difference between NFI and MODIS of
222 are the inventory plots, where MODIS classify a land cover other than forest. The root mean
square error (RMSE) between MODIS and terrestrial NPP is for ZAMG 276.1 gC/m?/year, for
NCEP2 335.5 gC/m?/year and for GMAQ 340.3 gC/m?/year.
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Figure 2. Comparisons of the NPP estimates where (1) NFl—the terrestrial NPP,
(2) ZAMG—MODIS NPP estimates using the daily weather data from the Austrian
Nationa Weather Centre; (3) NCEP2—MODIS NPP estimates using the daily westher
data of the so called NCEP_DOE |1 [42], and (4) GMAO—MODIS NPP using the daily
climate data from NASA Global Modeling and Assimilation Office [41]. The box
represents the Median and the 25th and 75th quartile, the whiskers extend to 1.5 of the
interquartile range, values outside this range are indicated by circles, and on the top the
number of values represented by the boxplotsis given.

4.2. Sand Density Effects

MODIS NPP estimates vary by climate input data (ZAMG, NCEP2, GMAOQO) and are in generd
higher compared to the terrestrial NPP (NFI in Figure 2). The local daily climate data set provided by
the Austrian National Weather Service (ZAMG) exhibits the lowest discrepancy versus the terrestrial
NPP estimates (RMSE 276.1 gC/m?/year, difference of medians 93.5 gC/m?/year, difference of means
42.8 gC/m?/year).

Forest management reduces stand density [47-52]. Hasenauer et al. [3] suggested that stand
density explains the observed discrepancies between “space-based” MODIS versus “ground-based”
NPP estimates. Stand density is important considering that forest management operations change
the number of trees, which directly effects the calculation of the terrestridl NPP estimates see
Equations (5)—7). In the MODIS NPP algorithm, on the other hand, forest dynamics are characterized
by the two input variables FPAR and LAI, as the land cover type is kept constant. Both variables are
derived from spectral properties of the vegetation, in particular the spectral signal of the red and near
infrared bands [37,39]. Intensity of forest management in Austria is regulated (crown cover
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after thinnings of at least 60%, while clearcuts bigger than 0.5 ha need specia registration and may not
exceed 2 ha) [47]. Thus, it can be assumed that forest management in Austria has only a small
and temporary influence on FPAR and LAI. The results of the analysis (not shown) support this as
MODIS NPP show no correlation with stand density, while terrestrial NPP clearly does, which will be
shown shortly.

For assessing the potential management impacts on the results we obtain for each inventory plot
two stand density measures: (i) the CCF—Crown Competition Factor according to Krajicek et al. [27]
Equation (11) aswell as (ii) the SDI—Stand Density Index according to Reinecke [28] in Equation (14).
The mean and the variations across all plotsare givenin Table 1.

Table 1. Summary statistics of the inventory plots for period 2007-2009 by dominant tree
species. Given is mean and in brackets the data range (minimum—maximum). SDI the
Stand Density Index [28], and CCF the Crown Competition Factor [27].

Variable Spruce, Fir  Larch, Pine  Other Coniferous Beech Oak Other Broadleaf All
Number of plots 5809 1001 140 886 238 864 8939
Age dominant trees 81 95 122 95 80 51 82
€] (15-175) (15-175) (15-175) (15-175) (15-165) (15-175) (15-175)
. 1019 914 1084 741 377 544 880
Elevation (m)
(220-2110)  (245-2066) (259-2212) (244-1467) (176-971) (129-1685) (129-2212)
Number of trees 1029 859 741 890 692 1141 993
(hat) (3-10084) (4-6205) (5-3544) (8-9394) (6-5934) (1-8917) (1-10084)
Stem volume 361 304 268 329 220 200 331
(m3/ha) (2-1672) (2-1205) (13-726) (2-1382) (8-758) (2-1281) (2-1672)
Basal area 36 33 35 33 25 25 34
(m#ha) (1-124) (1-104) (4-79) (1-100) (2-76) (1-107) (1-124)
738 665 679 655 512 553 697
=0l (36-2618) (38-2086) (48-1705) (36-2066)  (49-1523) (36-2649) (36-2649)
204 206 188 350 209 315 229
ceF (7-1308) (10-969) (7-697) (21-1622)  (16-625) (11-1699) (7-1699)

Next, we calculate the differences (ANPP) between the “space-based” MODIS NPP (using the
Austrian daily climate data ZAMG) and the “ground-based” NPP using the NFI data set. After
grouping the results by CCF and SDI classes, the median and the first and third quartile of ANPP
versus SDI and CCF class for the total data set are plotted. A direct comparison of terrestrial inventory
plots with a MODIS pixel requires the assumption that a plot is actually representative for an area,
which is discussed and questioned by previous research [48,49]. However, it allows us to track the
effect of stand variables, which would be otherwise impossible.

A distinct stand density related trend is visible with an overestimation of the terrestrial NPP by
MODIS NPP at low stand density and an underestimation at high stand density, which is consistent
whether using DI or CCF (Figure 3).

The MODIS NPP agorithm uses information on the land cover or vegetation type provided by the
classification system of the University of Maryland (MODIS Collection 5 global land cover) [8,40].
In total, there are 14 land cover classes, of which five deal with forests and characterize the biophysica
properties expressed by the parameters of the Biome Property Look-Up-Tables (BPLUT) [7,8]. These
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land cover types represent different tree species groups [40] and, due to different coefficients in the
BPLUT, affect the MODIS NPP results [8]. Thus, next we are interested if the observed stand density
related trends (Figure 3) may differ to MODIS land cover types.

Austria consists of a fragmented landscape, varying forest ownership and distinct historical
management impacts. Consequently, many of our 3 x 3 km areas (nine pixels) include several forest
land cover classes. To avoid any impact of this “mixture effect” we select only plots which feature
nine pixels with only one MODI S land cover type. The land cover types “deciduous needleleaf forest”
and “evergreen broadleaf forest” are excluded as there are very few pixel patches that have this land
cover type exclusively (one for deciduous needleleaf forest, two for evergreen broadleaf forest).
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Figure 3. Difference between MODIS NPP and NFI NPP (MODIS minus NFI) grouped by
stand density measures: SDI (top); CCF (bottom). Properties of illustration analogous to
Figure 2.

The results for the “deciduous broadleaf forest” (not shown) are similar. To summarize, the results
using plots with only one biome type exhibit the same trend when using al data (Figure 3):
overestimation of terrestrial NPP by MODIS NPP at low stand density and underestimation at high
stand density, which is consistent for both stand density measures (Figure 4).
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Figure 4. Difference between MODIS NPP and NFI NPP (MODIS minus NFI) grouped by
MODIS land cover types (ENF = evergreen needleleaf forest, MF = mixed forest) and
stand density measures: SDI (top); CCF (bottom). Properties of illustration analogous to
Figure 2.

4.3. Addressing Stand Density Effects

Theresultsin Figures 3 and 4 show a clear stand density related trend. We apply alogarithmic trend
curveto correct for stand density effects similar to Hasenauer et al. [3]:

ANPP =a+bxIn(SDl) ¢
ANPP =a+bxIn(CCF) ¢

(15)
(16)

a and b are the corresponding coefficient estimates and e the remaining error and all other variables as
previously defined. We apply Equations (15) and (16) to al data and again separately for the three
MODIS forest land cover types relevant for Austrian forests (“evergreen needleleaf forest”, “mixed
forest” and “deciduous broadleaf forest”. Note that the stand density measures SDI and CCF are
calculated based on the stand situation at the end of the growth period. Plotting the results of the fitted
trend curves show that all exhibit the same pattern whether they are grouped according to SDI or CCF
(left imagesin Figure 5). The regression results are given in Table 2.
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Figure 5. Scatterplots of NPP difference (ANPP) and stand density dependent trend curves
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forest land cover types separately (ENF = evergreen needleleaf forest, DBF = deciduous
broadleaf forest, MF = mixed forest) and for al land cover types together (all). The images
on the right side (Corr. ANPP) show the NPP difference after correcting for stand density
given by thetrend lines using al plots (all).

Table 2. Coefficients and statistics of trend curves displayed in Figure 5 a,b coefficients
for Equations (15) and (16), SE standard error of coefficients, r? coefficient of
determination, n degrees of freedom.

Depending Variable a SEa b SEb r2 n

SDI ENF 9083 83.0 -1430 131 0.30 277
DBF 1265.8 194.7 —192.2 316 034 71
MF 1203.3 381 -181.3 6.0 0.26 2516
al 1181.0 194 -1787 3.0 0.28 8716

CCF ENF 6948 60.0 -141.3 122 0.33 277
DBF 9513 1451 -1595 265 034 71
MF 8419 301 -1488 30.1 0.21 2516
al 8124 151 -1476 29 0.22 8716

A variance analysis reveal no significant differences in the parameter estimates a and b given
in Table 2 between the maor forest biome types represented by the MODIS land cover types.
This suggests that for Austrian forests no biome type specific parameters are needed (Figure 5).
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We remove the stand density bias from MODIS NPP using Equation (15), where a equals 1181.0
and b —178.7, and Equation (16), where a equals 812.4 and b —147.6 (Table 2). The detrended MODIS
NPP features a mean of 515.5 gC/m?/year, standard deviation 181.7 gC/m?/year and compared to
terrestrial NPP a RMSE of 227.8 gC/m?/year. After removing the stand density related trend, the
difference between the two NPP assessment methods do not exhibit a bias as shown in the right-hand
imagesin Figure 5 (SDI r2 < 0.01, CCF r? < 0.01) than when using the original MODIS NPP results on
the left side of Figure 5.

4.4. Consistency of the NPP Estimates across Scales

From the distinct stand density related trend in Figures 4 and 5, we learn that stand density needs to
be taken into consideration to provide consistent and comparable results across scales. To ensure that
our findings are also consistent across the heterogeneity of the forests across Austria, we test our data
for potential variations according to key forest site and stand parameters: (i) ecoregion; (ii) dominant
tree species; (iii) mean stand age and (iv) elevation of a given forest inventory plot.

Austria has very distinct biogeographic growth conditions due to the east-west aignment of the
Alps. According to Kilian et al. [31], these differences lead to nine typical ecoregions (see Figure 1),
which are characterized by similar environmental, macro-climatic and geologica conditions leading to
differences in the potential vegetation.

Ecoregions strongly affect the species distribution. Thus, we next group our data by dominant tree
species according to the main relative proportion of the basal area at a given inventory plot (see data
section). Norway Spruce and Silver Fir, as more shade-tolerant species, are combined in one group
(PA + AA). The light demanding tree species Scots Pine and European Larch form the group
(PS+ LD) and the group “other C” combines all other coniferous trees. The broadleaf species groups
are the Common Beech (FS), the Oak (QS) and other B, which summarizes all other broadleaf species.
The left images in Figure 6 show the difference between MODIS and terrestrial NPP estimates
grouped by ecoregion. The differences are in general positive, both for ecoregions and tree species,
before correcting for stand density. The right images show that correcting for stand density reduces
this (Figure 6).

Audtrian forests grow across a large gradient in elevation, which affects species and
growing conditions. Again, we also group al our data by the following elevation classes: (i) <500 m;
(if) 500-1000 m; (iii) 1000-1500 m; (iv) 1500-2000 m and (v) >2000 m in elevation. The same
procedure is applied for the mean stand age at a given inventory plot to assess if any age related
influences of our findings exist. The six age classes across all data are: (i) <30 years; (ii) 30-60;
(iii) 60-90; (iv) 90-120; (v) 120-150; and (vi) >150 years. The same pattern as in the previous
Figure 6 is apparent in Figure 7 as well.
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Figure 6. Difference between MODIS NPP and NFI NPP (MODIS minus NFI) grouped by
ecoregions (top) and dominant tree species (bottom). Left original MODIS NPP (ANPP) is
used, right the detrended MODIS NPP (Corr. ANPP) is used. Properties of illustration
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4.5. Effect of Water Availability

Water availability is an important driver of tree productivity. Within the MODIS NPP calculations [50],
thisis an integra part because daily climate data are required for predicting both GPP and NPP. In a
previous study by Pan et al. [2], similar discrepancies in comparing the “ space-based” MODIS NPP
with “ground-based” terrestrial NPP were reported. Pan et al. [2] concluded that water availability may
be a limiting factor and proposed an “available soil water index” for improving and/or “correcting”
MODIS NPP computations compared to terrestrial data. To test this hypothesis and analyze the effect
of the water availability on our data, a water balance deficit index is calculated for each inventory plot
as an estimate for water limitation according to the following procedure:

WBD = ETO0/P (17)
ETO= px(0.46xT +8)x365 (18)

WBD is the water balance deficit index which is the ratio of ETO potential evapotranspiration and
P precipitation with ETO [mm] of the period 2000-2010 estimated with the method of
Blaney-Criddle [51] and P the mean annual precipitation 2000—2010 [mm]. p is a function of latitude
(p=0.2729 for alatitude of 47.5° N) and T the mean annual temperature between 2000 and 2010 [°C].
Values of WBD less than 1 indicate a lack in available water, while values higher 1 exhibit water
availability greater than evapotranspiration. All data are grouped into five WBD-classes. (i) <0.5;
(i) 0.5-1.0; (iii) 1.0-1.5; (iv) 1.5—2.0 and (v) <2.0.

Figure 8 shows a consisted overestimation of terrestrial NPP by MODIS NPP throughout the
different WBD-classes when using the original MODIS NPP. The right image in Figure 8 shows that
addressing stand density effects reduces this overestimation substantialy.
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Figure 8. Difference between MODIS NPP and NFI NPP (MODIS minus NFI) grouped by
Water balance deficit. Left original MODIS NPP (ANPP) is used, right the detrended
MODIS NPP (Corr. ANPP) is used. Properties of illustration analogous to Figure 2.

5. Discussion

Obtaining daily local climate data (Austrian National Weather Centre ZAMG) for running the
MOD17 algorithm reflects the heterogenity of the Austrian landscape more redlistically and thus
improves the resulting predictions [15]. The ZAMG data set uses more than 200 daily weather stations
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across Austria while the NCEP2 (NCEP_DOE _Il) [42] and GMAO (NASA Global Modeling and
Assimilation Offices) [41] include less than 40 stations. In addition, the spatial resolution of the
ZAMG data set is at 0.0083 x 0.0083° (approx. 1 x 1 km). This resolution is more detailed than the
two global climate data sets GMAO (0.5 x 0.67°), and NCEP2 (1.875 x 1.875°). Thisis an additional
explanation for the higher accuracy in the local data set. Since the NPP is strongly driven by daily
climate data [44] the variation of the resulting predictions using the Austrian local climate data set
(ZAMG) is higher but better reflects the existing growing conditions (Figure 2).

The NPP estimates derived from 8939 plots of the National Austrian Forest Inventory (NFI) exhibit
an Austrian average of 486.3 gC/m?/year (standard deviation 244.3 gC/m?/year). Applying the MODIS
NPP algorithm using the local Austrian climate data (ZAMG) result in an average of 579.8 gC/m?/year
(standard deviation 113.4 gC/m?/year). Thisis a difference between the means of 93.5 gC/m?/year.

Such differences may have several reasons. For instance, the BPLUTs might not be appropriate for
European forest conditions. The difference could also be explained by inconsistency in the definition
of NPP (inventory data represent trees with dbh > 5 cm, MODIS LAI al vegetationona 1l x 1 km
pixel). Other issues could be missing fineroot turnover rates in terrestrial NPP calculations, missing
carbon increment of trees that died between the inventory measurements or differences in the spatial
resolution of the two products. The terrestrial NPP estimates, SDI and CCF, are calculated based on
the stem numbers in Equations (5)—7). Thus, any variation in SDI or CCF directly reflects differences
in the coverage of the forest area with trees. In our study of Austrian forests, we assume that the
detected differences in MODIS versus terrestrial NPP (see Figures 3 and 4) estimates are mainly
caused by forest management. However, other events also result in changes to stand density (e.g.,
wind, drought stress, etc.). The observed trend by SDI [26] and CCF [27] (Figures 3 and 4) and the
fact that no other analyzed variable (Figures 6-8) can explain the detected apparent deviations of the
two NPP estimates supports the hypothesis of Hasenauer et al. [3]. Our results thus coincide with
Hasenauer et al. [3], that MODIS NPP estimates provide the productivity of fully stocked forests,
which are represented only by forest areas without recent changes in stand density.

Forest management, such as thinning operations, instantly reduces volume increment per unit area
but concentrates the remaining volume increment to fewer trees [52]. Stand density therefore strongly
affects tree diameter development. Terrestrial NPP estimates based on diameter or height data are
directly affected by any changes in stand density, while the NPP estimates provided by the MODIS
NPP agorithm are not. As long as interventions do not strongly reduce the spectral signal of red and
near infrared—the two bands used to derive the MODIS inputs FPAR and LAI—forest management is
not well detected by satellite-driven NPP estimates (see Figure 3).

The stand density pattern is also consistent when plotting only the results for each of the major
vegetation or biome types represented by the MODIS land cover types (Figure 4). In this study,
regression analysis and exponential trend curves are used to quantify the stand density related trend
similar to Hasenauer et al. [3]. The resulting regression curves fitted using SDI and CCF in
Equations (15) and (16) exhibit a consistent trend, no matter whether fitted by biome type or for all
available plots. No clustering effect by biome type is evident, suggesting that one density-driven
correction function adjusts for the bias in the NPP predictions across scales (Table 2, Figure 5).

Both competition measures (SDI and CCF) show a very similar behavior (see Figures 3-5).
However, for this dataset, DI gives a dightly higher coefficient of determination (Table 2) and seems
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to better address the recorded competition that exists within Austrian National Forest inventory plots.
As shown in Figures 6 and 7, ignoring stand density effects will cause overestimation by MODIS NPP
estimates by ecoregions and dominant tree species (see Figure 6), elevation and mean stand age
(see Figure 7). Applying the correction function leads to a substantial improvement in the consistency
of the different NPP results, and consistent and unbiased results across multiple scales can be expected.

The fact that terrestrial NPP overestimates MODIS NPP at high stand densities (SDI > 1000 or
CCF > 500) can be explained with the variable “plot size” of the inventory plots according to the
breast height diameter of the trees on a given plot [20]. Thus, the terrestrial NPP estimates based on
angle count sample data may have a large random variation and this differs substantialy from the
terrestrial plot data for deriving NPP as outlined in Hasenauer et al. [3] who used fixed area research
plots with an area of 2500 m?.

Pan et al. [2] also observed differences between MODIS and terrestrial NPP. They hypothesized
that soil water constraints may be a limiting factor and proposed an “available soil water index” for
adjusting MODIS NPP computations compared to terrestrial data. Our results of growth conditions in
Austrian forests, however, suggest that stand density explains the observed discrepancy as the results
grouped by water balance index show a systematic overestimation of terrestrial NPP by MODIS NPP
(Figure 8). Correcting for stand density results in a better agreement of MODIS and terrestrial NPP
across different “available soil water indices’.

One important concern of our study was if large-scale disturbances like bark beetle outbreaks or
windthrow [53,54] may have had an impact on our productivity results by method. Disturbances
reduce the stand density of forests in a similar manner to management. In our available data from the
Austrian Forest inventory, disturbances can be detected with a recorded variable explaining the reason
for sample tree death or removal [17]. There are 484 plots (5% of al plots) where, between 2007
and 2009, at least one tree with “random removal” was recorded and, thus, were affected by the
disturbances between 2000 and 2002 and between 2007 and 2009. These plots have a median NPP of
464.7 gC/m?lyear, which is only dlightly lower than the median NPP of al 8939 plots
(486.3 gC/m?/year). While disturbances might have big impacts on small scales like forest stands or
single inventory plots, they only have a limited and insignificant effect as compared to the forest
productivity of Austria.

6. Conclusions

The MODIS NPP model represents all forest vegetation within a1l x 1 km resolution, assumes fully
stocked forest stands and cannot effectively detect management influence in FPAR and LAI. Thus, the
effect of forest management, which changes the carbon allocation patterns and, as a consequence, the
tree dimensions, is not well represented by MODIS driven NPP estimates. Terrestrial NPP, on the
other hand, represents only NPP of trees bigger than the diameter threshold and captures the response
of trees to management and, thus, the actual carbon allocation.

Using daily local climate data with high spatial resolution improves the agreement between MODIS
NPP and terrestrial NPP.

Correcting the observed stand density related bias in MODIS NPP and thus combining the
“gpace-based” MODIS productivity estimates and “ground-based” national forest inventory data
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provide consistent and continuous forest productivity estimates. The corrected MODIS NPP has more
agreement with forest inventory data. A better agreement of MODIS and terrestrial NPP estimates
allows using MODI S for large-scale forest resource estimates in areas with forest management.

Forest productivity across large scalesis of increasing interest as more demands are made on forest
resources [55] as well as in the context of REDD (Reducing Emissions from Deforestation and Forest
Degradation) [56]. This is of particular importance for areas where no or little terrestrial information
on forest productivity is available. With this paper, we provide a conceptual outline of how realistic
forest productivity estimates can be derived by combining satellite-driven NPP estimates,
such as results from the MODIS NPP agorithm, with stand density estimates (using terrestrial or
remote-sensing data) in order to enhance forest productivity predictions across multiple scales.
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Appendix
Carbon estimation and calculation of crown width using NFI data

The carbon increment calculation require carbon estimates for each tree on a given inventory plot.
For our study, we use the same method as applied by the Institute of Forest Inventory, Federa
Research Centre for Forest, the agency responsible for the National Forest Inventory in Austria. The
total dry carbon tree estimate of asingle tree, Ci, is calculated as follows:

C =CCx(dsm+dbm+ dfm-+drm) (A1)
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where CC is the carbon content and considered to be 0.5 for all species[26], dsmisthe dry stem mass,
dbm the dry branch mass, dfm the dry foliage mass and drm the dry root mass.

Dry stem biomass (dsm) is calculated using stem volume and species-specific conversion factors.
Stem volume (Viree) is derived from the tree measurements diameter at breast height (dbh), total tree
height (h) and the species-specific form factor (FF). The calculated volume represents the stem
excluding aboveground part of the stump and the branches[17,57,58].

100—sf
dsm=V__ xwdx
V —(d—bhjzwthxFF A3
e =| 500 (A3

where Viree is the stem volume of a single tree [m?], wd is the dry wood density [t BM/m3], sf the
shrinkage factor by tree species [%)], dbh the diameter at breast height (1.3 m), h the tree height, dO3
the diameter at 30% of tree height and hc the crown height (height to the crown base). The form factor
(FF) reduces the volume of the cylinder to the actua tree form. The Austrian Forest Inventory uses
two different form factor functions. one for the trees with dbh ranging from 5-10.4 cm with the
following form,

FF =c +c,xIn?(dbh) +c// h+®,/doh+c,/dbh?+c, dbh h+c, doh h (A4d)

and a second one for al trees with adbh>10.4 cm:

FF =, +¢,xd03/dbh+c,x(d03/ h)* +c,xh/dbh+c, xh/doh?+c, / doh+c,xhc/h (A5)

Ci are species-specific parameter estimates for calculating stem volume used by the Austrian Forest
Inventory given in Tables A1 and A2 [17,57,59]. The conversion factors wd and sf according to
Wagenfuhr and Scheiber [60] are given in Table A3. Note that for Equation (A3) dbh [cm] and h [m],
while in Equations (A4,A5) the dO3, dbh, hc and h [dm].

Table Al. Coefficients used in models for volume for trees with dbh 5.0-10.4 cm
(Schieler [59] cited in Gabler and Schadauer [17]).

Species Name cl c2 c3 cA c5 c6 c7
Picea abies, other coniferous 05634 -0.1273 85502 0 0 7.6331 0
Abies aba 0.5607 0.1547  -0.6558  0.0332 0 0 0
Larix decidua 0.4873 0 —2.0429 0 0 5.9995 0
Pinus sylvestris, Pinus strobus 0.4359 —0.0149 5.2109 0 0.0287 0 0
Pinus nigra 0.5344  —0.0076 0 0 0 0 2.2414
Pinus cembra 05257 -0.0335 7.3894  -0.1065 0 0 3.3448
Fagus sylvatica, other broadleaf 0.5173 0 -13.6214 0 0 9.9888 0
Quercus sp. 0.4171 0.2194 13.3259 0 0 0 0
Carpinus betulus 0.3247 0.0243 0 0.2397 0 —9.9388 0
Fraxinus sp., Sorbus sp., Prunus sp. 04812 —-0.0149 -10.831 0 0 9.3936 0
Acer sp. 05010 -0.0352 -8.0718 0 0.0352 0 0
Ulmus sp. 04422  -0.0245 0 0 0 0 2.8771
Betula sp. 0.4283  -0.0664 0 0 0 8.4307 0

Alnus sp. 0.3874 0 7.1712 0.0441 0 0 0
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Table Al. Cont.
Species Name cl c2 c3 c4 c5 c6 c7
Populus sp. 0.3664 0 1.1332 0.1306 0 0 0
Salix sp. 0.5401 -0.0272 -25.1145 0.0833 0 9.3988 0

Table A2. Coefficients used in models for volume for trees with dbh>10.4 cm (Braun [57]
cited in Gabler and Schadauer [17]).

Species Name c0 cl c2 c3 c4 c5 c6
Picea abies, other coniferous  —-0.2436  0.8271 0 2.91E-04 0 0.0287 0
Abies aba 0.0991 0 05126  4.46E-04 0 0.0160 0
Larix decidua —0.2198  0.8028 0 3.24E-04 0 0.0184 0
Pinus sylvestris -0.2099  0.8140 0 1.96E-04 0 0.0317 0
Pinus nigra, Pinus strobus -0.1929  0.8479 0 2.04E-04 0 0.0069 0
Pinus cembra 0.0501 0.4676 0 1.57E-04 0 0.0761 0
Fagus sylvatica, other -0.1309  0.6743 0 0 1.67E-04 0 0.0668
Quercus sp. 0.1852 0 0.3501 0 4.77E-04 0 0.0657
Carpinus betulus 0.0421 0.4226 0 0 4.21E-04 0 0.0770
Fraxinus sp. —0.0198 0.5124 0 0 4.70E-04 0 0.0535
Acer sp. —0.0286  0.5655 0 0 2.37E-04 0 0.0083
Ulmus sp. —0.1390  0.6950 0 0 3.18E-04 0 0.0166
Betula sp. -0.0778  0.5682 0 0 5.54E-04 0 0.0517
Alnus sp. -0.1646  0.7038 0 0 2.59E-04 0 0.0589
Populus tremula -0.1456  0.6657 0 0 4.18E-04 0 0.0589
Populus alba -0.1438  0.6487 0 0 5.62E-04 0 0.0812
Populus nigra —0.0843  0.5928 0 0 6.47E-04 0 0.0227
Salix sp. -0.1376  0.6944 0 0 4.59E-04 0 0.0128

Table A3. Conversion factors for stem biomass [60].

Species Name wd sf
Picea sp. 0.41 11.80
Abies sp. 0.41 11.85
Larix sp. 0.55 13.20
Pinus sylvestris, other Pinus 051 11.80
Pinus nigra 0.56 11.80
Pinus cembra 0.40 9.00
Pinus strobus 0.37 9.00
Pseudotsuga menziesii 0.47 12.00
Taxus baccata 0.64 8.80
Fagus sylvatica, other hardwood broadleaf 0.68 17.50
Carpinus betulus 0.67 13.60
Quercus sp. 0.75 18.80
Fraxinus sp. 0.67 13.20
Acer sp. 0.59 11.65
Ulmus sp. 0.64 12.80
Castanea sativa 0.56 11.45

Robinia pseudacacia 0.73 11.80
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Table A3. Cont.

Species Name wd sf
Prunus sp., Sorbus sp. 0.57 13.85
Sorbus domestica 0.71 17.15
Sorbus aucuparia 0.62 18.60
Betula sp. 0.64 13.95
Alnus sp. 0.49 13.40
Tiliasp., other softwood broadl eaf 0.52 14.65
Populus sp. 0.45 11.90
Populus nigra 0.41 12.50
Salix sp. 0.52 9.60
Juglans regia 0.64 13.70
Juglans nigra 0.56 12.65
Ostryacarpinifolia 0.75 18.80
Malus, Pyrus 0.70 14.40

For the remaining biomass components (dom, dfm, drm), we use allometric biomass functions
developed for Austrian forest conditions, which are also used by the Austrian National Forest
Inventory.

The dry branch biomass dbm [kg] for Pinus sp. is calculated with a dbh [cm] and h [m] dependent
equation [61],

dbm = 1.0366 - e(—2.8762+2.04516~ln(dbh)—0.07025-ln(h)) ( A 6)

We use equations from Ledermann and Neumann [62] for all other tree species. If height to the life

crown measurements (hc) are available, models using dbh, h and hc as input variables are used according
to Equation (A8). If hc is missing, models with dbh and h are used according to Equation (A7) [62]:

h
dbm _ | 2. ebzoerzrln(dbh)*bzz‘%) (A 7)
h
dbm _ | 3 eQ0+b31-|n(dbh)+Q2»%+b334|n(CR) (A8)
h—hc
CR=—0 (A9)

where CR is the crown ratio and all other variables as previoudy defined. The species-specific
parameters bi, 12 and 13 are given in Table A4.

Table A4. Coefficients used in models for biomass in branches [62].

Species Name b20 b21 b22 12 b30 b31 b32 b33 13
Picea abies, other - 1.7459 - 1.102 - 20252 01451 009154 1.051
Abiesaba - 2.0429 - 1.105 - 2.2066 0 0.4384 1.087
Fagus sylvatica, other BL - 2.3930 - 1.251 - 2.5568 - 0.6002 1.212
Quercus sp. 1.8554 0.9332 - 1.334 - 1.9445 0 1.2137 1.280

Carpinus betulus - 2.8913 - 1.181 - 2.8281 0 0.9318 1.130
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For coniferous trees, the foliage biomass (dfm) is included in the branch biomass cal culations (dbm)
as outlined above. For the deciduous trees, dfm [kg] is calculated using allometric functions according
to dbh. These functions are based on measurements collected by Burger [63,64] and are modified after
Lexer and HOonninger [65].

dfm=a, x dbh* (A10)
The species-specific parameters ai are given in Table A5.
The root biomass (drm) in [kg] is defined as roots with a minimum diameter of 2 mm including

the root stump. For Pinus sylvestris and Pinus nigra the alometric function of Offenthaler and
Hochbichler [66] is used:

drm= 0.038872x dbh?>*"® (A11)
For all other species, the following dbh and age-dependent model is applied [67,68]:
drm — Co . ecl+cz<ln(dbh)+%~ln2(dbh)+c44ln(age) (A 12)
dbhin [cm], ageisthetree age[a], Ci are species-specific parameter according to [67,68].

The species-specific parameters ¢ are given along with the parameters for foliage biomass in the
Table AS.

Table AS5. Coefficients Ci used in models for biomass in roots ([67] for “Coniferous
(except Pinus sp.)”, [68] for “Fagus sylvatica, other broadleaf”, [66] for “Quercus sp.” and
“Carpinus betulus’) and a0 and al for biomass in foliage [63-65].

Name c0 cl c2 c3 4 a0 al
Coniferous (except Pinus sp.) 1.041 -8.350 4,568 -0.330 0.281 - -
Fagus sylvatica, other broadleaf  1.080 —-4.000 2.320 0 0 0.022 2.300
Quercus sp. 1051 3975 2523 0 0 0.135 1811
Carpinus betulus 1052 3848 2488 0 0 0.022 2.300

Equation (A13) estimates maximum crown width of a tree assuming open-grown conditions for
calculating CCF [27]. The species-specific parameters to cal culate maximum crown width are given in
Table A6.

CVV| — e(:0+c1<|n(dbh) (A 13)

Table A6. Coefficients used for maximum crown width [29].

Name c0 cl
Picea abies, other coniferous -0.3232  0.6441
Abies aba 0.0920 0.5380
Larix decidua -0.3396  0.6823
Pinus sylvestris, other Pinus sp. -0.1797  0.6267
Pinus nigra -0.1570  0.6310
Pinus cembra -1.3154  0.8288
Fagus sylvatica, other broadleaf 0.2662 0.6072
Quercus sp., Castanea sativa -0.3973  0.7328

Acer sp., Betula sp., Alnus sp., Populus sp., Salix sp., Ulmus sp. 0.4180 0.5285
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Table A6. Cont.
Name c0 cl
Fraxinus sp., Robinia, sp. Prunus sp. Sorbus sp. 0.1366 0.6183
Tiliasp. 0.1783  0.5665
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air and water, protection against natural hazards, and biodiversity
are of increasing interest (EUROSTAT, 2012). Following the Kyoto
Protocol the forest’s ability to store carbon and produce renewable
energy in the form of biomass became a focal point in natural
resource management. Within Europe (EU-27), 18.3% of the energy
is generated from renewable sources, with 67.7% of that consisting
of biomass (including renewable waste; EUROSTAT, 2012).

The increasing demand on European forests and their services
requires consistency in forest information and monitoring. The pri-
mary source of forest information is produced by National Forest
Inventories (NFIs), which often vary in terms of their conceptual
approaches, sampling designs and data collection systems
(Tomppo et al., 2010). Aside from more traditional applications
such as monitoring forest resources and the sustainability of for-
estry, NFI data are of increasing interest for assessing the role of
forests in the carbon cycle (e.g., for Kyoto reporting or future
climate-related treaties such as the REDD+ Programme; Mohren
et al., 2012).

Forest inventories record tree data which are, in turn, used for
estimating standing timber volume in m?/ha. The same tree
measures can be used to derive total biomass or carbon content
of forest ecosystems in t/ha. Biomass is the dry weight of wood
estimated for constant conditions (i.e., oven dried wood samples
until a constant weight is reached; Bartelink, 1996; Repola, 2008,
2009 or Cienciala et al., 2006). Carbon accounts for approximately
half of this oven dried biomass, which consists mainly of polysac-
charides such as cellulose, lignin and hemicellulose (Lamlom and
Savidge, 2003; McGroddy et al., 2004).

Two conceptually different approaches are used to assess carbon
stocks of forests: (i) the biogeochemical-mechanistic approach,
and (ii) the statistical empirical approach. The biogeochemical-
mechanistic approach is based on physiological principles of
carbon uptake through photosynthesis and carbon loss due to the
respiration and decomposition processes. This approach uses
energy, water, and nutrient cycles to determine the carbon fluxes
of an ecosystem. This method is implemented in large scale carbon
cycle models and requires soil data, daily climate information and
ecophysiological parameters for the given vegetation or forest
ecosystem.

Carbon related outputs include GPP (Gross Primary production),
NPP (Net Primary production) as well as stem, root or leaf carbon.
Any comparison with terrestrial data such as forest inventory data
requires a transfer function (Eastaugh et al., 2013), i.e., converting
the model output carbon into tree volume (usually biomass expan-
sion factors). These principles have been implemented in large
scale carbon cycle models to circumvent the problem of missing
terrestrial data and to provide methodologically consistent carbon
cycle information for large regions, continents or even for the
whole globe (VEMAP Members, 1995). Examples of models that
use such an approach are BIOME BGC (Thornton, 1998; Thornton
et al., 2002; Pietsch et al., 2005), CLM (Lawrence et al., 2011) and
C-FIX (Veroustraete et al., 2002). A related product, known as the
MOD17 product, implements key components of BIOME BGC with
additional use of satellite data and provides GPP and NPP estimates
on a 0.0083° x 0.0083° resolution (approx. 1 x 1 km) for the whole
globe (Running et al., 2004; Zhao and Running, 2010).

The statistical empirical approach is probably more commonly
used in forestry, since it was developed earlier than the biogeo-
chemical approach and requires terrestrial data such as forest
inventory data (Tomppo et al., 2010). With this approach, biomass
and carbon are estimated by applying (i) allometric biomass
functions and/or (ii) biomass expansion factors.

Allometric biomass functions use tree variables such as diame-
ter at breast height and/or tree height for estimating tree biomass.
The share of carbon is then estimated using tree carbon frac-
tion factors. In contrast, when using biomass expansion factors,

conversion factors are used to transform tree volume into biomass.
Volume functions must be used before the application of the
expansion factors.

These statistical principles in deriving terrestrial biomass and
carbon are also implemented in tree population models such as
succession or gap models and typical tree growth models.
Predicted volume or tree dimensions such as diameter or height
serve as input parameters to apply either biomass functions or
biomass expansion factors for calculating the terrestrial biomass
in t/ha. Typical examples are succession models like PICUS (Lexer
and Hoenninger, 2001; Seidl et al., 2005), LANDCARB (Mitchell
et al., 2012), the matrix model EFISCEN (Nabuurs et al., 2000) or
tree growth models such as MOSES (Hasenauer, 1994), PROGNAUS
(Sterba and Monserud, 1997), SILVA (Pretzsch et al., 2002) or
BWINPro (Nagel, 1999).

Allometric biomass and volume functions as well as biomass
expansion factors are derived empirically from tree sampling.
Destructive sampling, extensive field and lab work are needed to
obtain biomass data for the different tree compartments — stem,
branches, roots and foliage. Based on these sample data, general-
ized statistical functions for the different tree compartments or
expansion factors are developed and applied to inventory data.
Every region or country has different resulting functions and
factors (e.g. for Austria Pollanschiitz, 1974; for Romania Giurgiu
et al, 1972; for Sweden Marklund, 1988; for Finland Repola,
2008, 2009 or for France Vallet et al., 2006). Examples for biomass
functions developed for larger regions are Wirth et al. (2004),
Muukkonen (2007) or Wutzler et al. (2008). The resulting biomass
and carbon estimates strongly depend on the samples, but also on
the chosen conceptual approach (i.e., whether biomass functions or
biomass expansion factors are used).

Previous studies have shown that throughout many parts of the
world, the calculation methods have a large impact on the results
for biomass and carbon, both for trees and for tree compartments
(Aragjo et al., 1999 for Brazil; Westfall, 2012 and MacLean et al.,
2014 for Northeastern United States; Guo et al., 2010 for China;
Jalkanen et al., 2005 for Sweden, or Thurnher et al.,, 2013 for
Austria). This supports the necessity for a similar study for Europe;
however such a study was not done until now.

In Europe, National Forest Inventory data is commonly used for
country reporting for international statistics and programs such as
the Forest Resource Assessment Program for the Food and Agricul-
ture Organization (FAO), or the Land Use, Land-Use Change and
Forestry (LULUCF) report for the United Nations Framework Conven-
tion on Climate Change (UNFCCC; Tomppo et al.,, 2010). However,
consistent calculation methods are required to be able to integrate
and assess data from various countries for the purpose of assessing
climate change mitigation or carbon sequestration potential in
European forests (McRoberts et al., 2009; Stahl et al., 2012).

The purpose of this study is to analyze the different carbon
estimation methods covering 12 different countries across Europe
and assess the impact of the methodological differences in deriving
biomass estimates. Five important tree species in Europe are selected
for comparison (Fagus sylvatica, Quercus robur, Betula pendula, Picea
abies and Pinus sylvestris). We are specifically interested in

(i) compiling and assessing country-specific calculation meth-
ods for deriving biomass and carbon from NFI data; and

(ii) quantifying the effect of the various calculation methods on
resulting biomass and carbon estimates using a standardized
theoretical data set.

2. Methods

Europe’s forests consist of a variety of ecological and climatic
conditions covering different tree species. For our study we select
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5 species considered to be important European tree species
because they have a large distributional range and a high ecologi-
cal and economic value. The selected deciduous tree species are (i)
F. sylvatica L. (European beech), (ii) Q. robur L. (Pedunculate oak)
and (iii) B. pendula Roth (Silver birch) and the two coniferous spe-
cies, (iv) P. abies (L.) Karst. (Norway spruce) and (v) P. sylvestris L.
(Scots pine).

Q. robur also includes Quercus petraea L. and B. pendula includes
Betula pubescens Ehrh., since these species are similar in terms of
genetics, shape and properties and thus are usually not distin-
guished from one another by NFI systems or biomass studies
(e.g., Muukkonen, 2007; Repola, 2009; Giurgiu et al., 1972;
Ledermann and Neumann, 2006).

Within Europe, each country has its own statistical empirical
approach for deriving carbon estimates from National Forest
Inventory data (Tomppo et al., 2010). We obtain each of these
procedures for our comparative analysis. Below, we describe the
methods employed for the 12 countries. For a detailed presenta-
tion, by country, we refer to Appendices A-M.

2.1. General carbon calculation approach

Biomass is commonly estimated by separate tree compartments
(e.g. Wirth et al., 2004; Seidl et al., 2005; Pietsch et al., 2005;
Thurnher et al., 2013). We consider four tree compartments for
estimating biomass: (i) stem, (ii) branches, (iii) foliage, and (iv)
root (including stump). The general equation for calculating total
tree carbon can be expressed as:

Ciree = CC * (dsm + dbm + dfm + drm) (1)

where Cg.. is the total carbon content of a tree [kg], CC is the carbon
fraction [kg/kg] given for each country in Appendix A, dsm is the dry
stem biomass [kg], dbm is the dry branch biomass [kg], dfm is the
dry foliage biomass [kg] and drm is the dry root biomass [kg]. For
each country the species specific carbon calculation methods are
compiled (see Appendices A-M).

2.2. Carbon calculations by country

European forests cover a wide range of environmental condi-
tions, as well as large elevation and latitudinal gradients. According
to FOREST EUROPE, UNECE, FAO (2011) suggestions to limit the
range of these environmental, elevation and latitudinal gradients,
we cluster the 12 countries which provide biomass estimation
methods for our study into four geographic regions: North Europe,
Central-West Europe, Central-East Europe, and South Europe. The
underlying assumption is that countries within each region should
have similar climatic and biophysical conditions for tree growth
and we expect that this will reduce the variation in tree allometry.
Table 1 summarizes the 12 country-specific carbon estimation
methods and the required tree variables.

All carbon calculation methods use diameter at breast height
(DBH) and tree height (H) as input variables. In five countries (Fin-
land, Austria, Germany, the Netherlands, and Romania) additional
variables are used: crown ratio (CR), aboveground volume (V),
and tree age (A). Six methods use allometric biomass functions,
three use biomass expansion factors and four use a combination
of both (see Table 1). The carbon calculation method, by country,
including the coefficients and the definitions of the tree compart-
ments are given in Appendices A-M. Below, we give a brief
summary by region.

2.2.1. Northern Europe
Two countries, Finland and Norway, belong to Northern Europe.
In Finland (also representing Estonia) the allometric biomass

Table 1

Summary on calculation Methods (AF = allometric biomass functions, BEF = biomass
expansion factors and volume functions, combi = combination of AF and BEF) and
used Variables in the calculations (DBH = diameter at breast height, H = tree height,
CR = crown ratio, A = tree age, V= aboveground tree volume), variables in brackets
indicate that this variable is only used in some functions.

Region Country Method Variables
North Europe Finland AF DBH, H, (CR)
Norway AF DBH, (H)
Central-West Europe Austria combi DBH, (H, CR, A)
Belgium combi DBH, (H)
France BEF DBH, (H)
Germany combi DBH, H, (V, A)
Netherlands BEF DBH, A, (H)
Central-East Europe Czech Republic combi DBH, (H)
Poland AF DBH, (H)
Romania BEF DBH, H, A
South Europe Italy AF DBH, H
Spain AF DBH, (H)

functions use DBH, tree height, and crown ratio. The models devel-
oped for Finland obtain carbon from biomass with a constant
carbon fraction of 0.5 (see Appendix B). The carbon estimation
approach of Finland is also applied in Estonia since forest biomass
functions for Estonia are currently under development (Uri et al.,
2010).

The Norwegian methodology uses allometric biomass functions.
The method for Norway was developed in Sweden (Marklund,
1988; Petersson and Stdhl, 2006). The models use DBH and tree
height as variables (see Appendix C).

F. sylvatica is not native in Finland or Norway, thus it is excluded
from the analysis for Northern Europe.

2.2.2. Central-Western Europe

Five countries, Austria, Belgium, France, Germany and the
Netherlands, belong to Central-Western Europe. The biomass
calculation in Austria uses a combination of species-specific form
factor functions, biomass expansion factors, and allometric
biomass functions. The allometric biomass functions for branch
biomass use crown ratio as an additional input variable
(Ledermann and Neumann, 2006), while the functions for root
biomass use tree age (Wirth et al., 2004). The volume and branch
biomass functions use data from Austria, while the foliage and root
biomass function obtain their data from other Central European
countries (see Appendix D).

The Belgian biomass calculation method is a combination of
volume estimation, expansion factors, and allometric biomass
functions. The volume prediction (Dagnelie et al., 1985) and the
biomass functions of P. abies depend on DBH and tree height. All
other biomass functions use only DBH as input variable. The
volume calculation method and most of the biomass functions
mainly use data from Belgium. Some biomass functions are
obtained from other countries such as Austria, the Czech Republic,
Germany, France, and the Netherlands (see Appendix E).

In France, the biomass calculation method combines volume
functions with biomass expansion factors derived from samples
in France (INRA, 2004). Foliage biomass is assumed to be a constant
proportion of total biomass (see Appendix F). For all species in
France a carbon fraction of 0.475 is used (see Appendix A), which
differs from most other countries.

In Germany, a combination of volume functions, biomass
expansion factors and allometric biomass functions is applied.
The volume calculation is implemented in the program BDAT 2.0
(Kublin, 2002). The expansion factors for tree volume vary by tree
age and the expansion factors for root biomass vary by above-
ground biomass (see Appendix A). The models (except foliage
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biomass) are developed with sample material from Germany (see
Appendix G).

The method for the Netherlands uses allometric biomass func-
tions to calculate aboveground tree biomass. Aboveground bio-
mass is then separated into tree compartments with proportional
biomass fractions. The biomass fractions are derived from tree
age and are calculated based on the allometric biomass functions
of the EFISCEN project (Schelhaas et al., 1999; Vilén et al., 2005).
The biomass calculations for aboveground biomass and the fraction
coefficients come from sample material across Europe and the
European part of Russia (see Appendix H).

2.2.3. Central-Eastern Europe

Three countries, Czech Republic, Poland, and Romania, belong
to Central-Eastern Europe. The Czech Republic biomass calculation
method is similar to Austria and Belgium, using a combination of
volume functions, expansion factors, and allometric biomass
functions. The functions were developed based on sample
material from the Czech Republic or former Czechoslovakia (see
Appendix I).

In Poland, allometric biomass functions are used for above-
ground biomass and expansion factors for belowground biomass.
The functions are developed with sample data from Poland,
Finland and Central Europe (see Appendix ).

The calculation in Romania uses a combination of volume
functions, biomass expansion factors and biomass fractions similar
to the Netherlands. The volume functions based on data from
Romania (Giurgiu et al., 1972) provide tree volume. After applying
biomass expansion factors, the biomass of tree compartments is
estimated using biomass fractions from the EFISCEN project
(Schelhaas et al., 1999; Vilén et al., 2005) (see Appendix K).

2.2.4. Southern Europe

Two countries, Italy and Spain, belong to Southern Europe. Italy
uses allometric biomass functions developed with sample material
from Italy for aboveground biomass and expansion factors for root
biomass (see Appendix L).

In Spain allometric biomass functions developed with Spanish
sample data are used. Similar to France, the carbon fractions in
Spain differ from the other countries. Species-specific carbon
fractions given by Montero et al. (2005) are used (see Appendix A,
and for further details Appendix M).

3. Data

Forests across Europe vary by site conditions, age, and genetics
and usually have experienced different forest management.
Furthermore, available forest inventory data sets differ according
to (i) the sampling design (i.e., fixed area plots vs. angle count
sampling), (ii) the measurement methods (i.e., minimum diameter
threshold for recording trees) or (iii) the data collection and pro-
cessing method (i.e., measurement of tree height for every tree
vs. applying diameter-height relationships, etc.). These differences
in forest data from country to country make a theoretical compar-
ison of the different regional biomass calculation methods difficult
(Tomppo et al., 2010).

In order to circumvent this problem we produce a standardized
input dataset, which provides all necessary input data for the
country-specific models (see Appendices A-M). This ensures that
any differences in the results are a consequence of the carbon
calculation methods.

3.1. Stand data generation

For creating a standardized data set we use STANDGEN
(Kittenberger, 2003), a tool implemented in the framework of the
single tree simulation model MOSES (Hasenauer, 1994; Klopf
et al.,, 2011). The STANDGEN tool generates stand data including
diameter and location of single trees based on information on
diameter distribution (mean and standard deviation), spatial dis-
tribution, and aggregation of trees. For each of the five selected tree
species, three stands are generated, each with a size of 0.25 hectare
(2500 m?). The three stands differ in mean and standard deviation
of tree diameter and represent forest stands at different ages. This
takes into account that stand age affects eco-physiological pro-
cesses such as biomass allocation, stem number, or stocking den-
sity. For each species, we generate a young stand (quadratic
mean DBH 10 cm with standard deviation 1 cm), a middle-aged
stand (30 cm + 5 cm), and an old stand (50 cm = 10 cm). Note that
we use the quadratic mean DBH to refer to the “average or central
tree” representing the tree with the mean basal area. For conve-
nience we consider that a tree with quadratic mean DBH repre-
sents a tree with “mean tree biomass”. We follow here Eastaugh
(2014) showing that the error in this assumption is small. Tree
height and age are estimated using species-dependent relation-
ships, crown length is estimated using the DBH-, and height-
dependent functions implemented in the MOSES framework
(Sterba, 1976; Marschall, 1992; Klopf et al., 2011).

3.2. Stand variables

The generated stands are characterized by the stand variables:
mean tree height, height-diameter ratio, crown ratio, stand age,
stem number per hectare (N), and basal area per hectare (BA).
The two latter variables are calculated as follows.

BA = 1/S « Z(DBH? + 1/400) )
N=1/S«ni (3)

where BA is the basal area per hectare [m?/ha], S is equal to 0.25 ha
(the size of the generated stand), DBH is the diameter at breast
height (at 1.3 m) [cm], N is the stem number per hectare [trees/
ha], and ni is the number of trees per stand. Summary statistics of
the generated stand properties available for our study are given in
Table 2. Tree height, stand age and basal area increase with increas-
ing DBH, while the height-diameter ratio, crown ratio and stem
number decrease, meaning that these stand properties change with
age (Table 2).

4. Analysis and results
4.1. Tree carbon estimation

We start our analysis by applying the 12 country specific carbon
calculation methods as outlined in Appendices B-M to our
standardized tree data set. The data set covers five tree species:
(i) F. sylvatica L., (ii) Q. robur L., (iii) B. pendula Roth, (iv) P. abies
(L) Karst. and (v) P. sylvestris L. (Table 2). We calculate biomass
for the tree compartments stem, branch, foliage and roots. The bio-
mass results by compartment are added and multiplied with the
carbon fraction (Appendix A) to derive total tree carbon. Since
the input data set is identical by species, we ensure that any differ-
ences in the results represent (i) differences in the calculation
approach, (ii) the statistical coefficients and/or (iii) any additional
regional biophysical differences by species. Fig. 1 provides the total
carbon in kg per tree versus diameter at breast height (DBH) by
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Table 2

Properties of the generated standardized tree dataset separated by stands and species, first column properties of stand with quadratic mean diameter (DBH) of 10 cm, second for
DBH of 30 cm, third for DBH 50 cm, Stand age [year] derived from yield tables (see Method section), Stem number is number of trees per hectare [ha~'], Basal area is the area of
trees at breast height (1.3 m) per hectare [m?/ha], Mean height is Lorey’s mean height (Lorey, 1878) of all trees in stand [m], Mean H/DBH is the mean height-to-diameter ratio

[m/m], Mean CR is mean crown ratio (crown height divided by tree height) [m/m].

Stand age [year]

Stem number [ha™']

Basal area [m?/ha]

10cm 30cm 50 cm 10 cm 30cm 50 cm 10 cm 30cm 50 cm
Picea abies 25 70 150 3404 740 304 27 52 65
Pinus sylvestris 35 115 >130 2776 576 240 22 41 50
Fagus sylvatica 40 85 >140 3064 496 188 24 35 37
Quercus robur 35 90 >130 2248 440 212 18 31 39
Betula pendula 17 75 >120 2148 412 160 17 29 31
Mean height [m] Mean H/DBH [m/m] Mean CR [m/m]
Picea abies 8.5 22.6 30.9 83 75 59 0.73 0.58 0.46
Pinus sylvestris 6.6 18.8 26.6 65 62 52 0.79 0.61 0.48
Fagus sylvatica 8.7 20.8 26.7 87 69 54 0.71 0.59 0.48
Quercus robur 8.4 25.2 31.5 82 84 66 0.73 0.55 0.47
Betula pendula 8.4 253 319 81 84 65 0.73 0.55 0.46
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Fig. 1. Tree carbon on tree level [kg/tree] for all countries in this study and for all analyzed tree species, results are grouped by ecoregions (black - North Europe and South

Europe, dark gray - Central-West Europe, light gray — Central-East Europe).

species and country. In Fig. 1, and in the following Figs. 2-7, we
present curves that originate from the smoothed single tree results.

Strong discrepancies with increasing DBH are evident (Fig. 1) by
country. Thus we subsequently group the country-specific results
by European forest regions following the definition of the State
of Europe’s Forests 2011 (FOREST EUROPE, UNECE, FAO, 2011) to
address regional biophysical growing conditions resulting from
the geographic location, soil and climate conditions, and genetic
differences by species across Europe. Country specific biomass esti-
mation methods (Appendices B-M) were developed and calibrated
with regional data. Thus the resulting carbon and biomass esti-
mates are expected to capture the different regional biophysical
growing conditions. We assign each tree species and country-
specific estimation method to each of the four European forest
regions. The results for tree carbon in kg per tree versus DBH are
ordered by country and grouped by European forest region as
shown in Figs. 2-5.

4.2. Tree biomass estimation by compartment

Total tree carbon (Figs. 1-5) is calculated as the sum of the
estimated biomass of each compartment (stem, branches, foliage
and roots) multiplied by the carbon fraction factor (Eq. (1) and
Appendices A-M). Next we evaluate the proportions of the com-
partment results and their respective discrepancies by species
and country across Europe. Since P. abies and F. sylvatica are the
most important coniferous and broadleaf species and cover the
vast majority of forest area in Central-East and Central-West
Europe, we focus and display here only these two species within
these two regions. Fig. 6 presents the trend in the four compart-
ments versus DBH for P. abies in Central-West Europe, and Fig. 7
for F. sylvatica for Central-East Europe, respectively. We use the
identical scaling to show (i) the effect of the different functions
by compartment applied and (ii) their contribution to the total
tree carbon.
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Fig. 2. Tree carbon on tree level [kg/tree] for North Europe and for all analyzed tree species.
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Fig. 3. Tree carbon on tree level [kg/tree] for Central-West Europe and for all analyzed tree species.

4.3. Carbon and biomass of forest stands

The deviations found in the country-specific tree carbon esti-
mates by DBH (see Figs. 1-7) may differ from carbon estimates
at the forest stand-level since the number of trees by DBH class
varies. In addition, most carbon studies focus on stand level
estimates (e.g. t/ha). Therefore, we assess the methodological

implications at the forest stand level by country and the species-
specific carbon calculation method by deriving forest stand carbon
estimates for our generated forest stands. Again, we choose to
focus on P. abies and F. sylvatica and the corresponding three
reference stands with a quadratic mean DBH of 10 cm (standard
deviation (SD) of DBH distribution 1 cm), 30 cm (SD 5 cm) and
50 cm (SD 10 cm) generated with the tool STANDGEN (see Table 2).
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Fig. 4. Tree carbon on tree level [kg/tree] for Central-East Europe and for all analyzed tree species.
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Fig. 5. Tree carbon on tree level [kg/tree] for South Europe and for all analyzed tree species.

For each tree, the biomass and carbon estimation methods are
applied. The results for P. abies and F. sylvatica covering the stem,
branch, foliage, root, and total tree biomass plus the tree carbon
estimates for each reference stand are given in Tables 3 and 4.
Again, we use the quadratic mean DBH representing the tree with
mean basal area and mean tree biomass (Eastaugh, 2014). Tables 3
and 4 also provide summary statistics for P. abies and F. sylvatica.
Similar tables for the other species, we provide in Supplementary
material (Tables S.1-S.3).

5. Discussion

Carbon estimates by tree species differ substantially by country
(see Fig. 1). After grouping the countries by main forest region in
Europe (FOREST EUROPE, UNECE, FAO, 2011) to address regional
differences, the deviations by species and country within the forest
region are found to be smaller, but still evident (Figs. 2-5). The
smallest deviations are detected for the North Europe and South
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Fig. 7. Biomass in tree compartments on tree level [kg/tree] for Fagus sylvatica and Central-East Europe.

Europe regions (Figs. 2 and 5), as compared to Central-West Europe
(Fig. 3) and Central-East Europe (Fig. 4). This supports the
hypothesis that part of the observed differences can be attributed
to environmental growing conditions. The remaining error is
caused by the conceptual approach. Stem biomass contributes
the largest proportion of total biomass followed by root, branch,
and foliage biomass (Figs. 6 and 7). Some unrealistic results are
detected, for example in the case of branch biomass for F. sylvatica
in Poland (Fig. 7).

The results at the stand level (Tables 3 and 4 and Tables S.1-S.3
in Supplementary material) confirm that the differences in tree car-
bon and biomass in tree compartments at the tree level (Figs. 1-7)
can be observed also on the stand level. Tables 3 and 4 further
allows quantifying the discrepancies in carbon and biomass
observed merely visually in Figs. 1-7. For both P. abies and F. sylvat-
ica, stem biomass add the largest part to the existing discrepancies
in total biomass and carbon followed by branch and root biomass.
The average range of stem biomass estimates for all countries and



Table 3

Results for biomass in tree compartments, tree biomass (sum of all compartments) and tree carbon on stand level [t/ha] for Picea abies, results arranged according to the 4 Forest regions, first column give the results for the stand with
quadratic mean diameter (DBH) of 10 cm, second column for DBH of 30 cm and third column for DBH of 50 cm. At the end of table selected statistics are given for each stand and each biomass and carbon estimate: Mean and Range
(Maximum-Minimum) of the country estimates and variation expressed as Range divided by Mean.

Picea abies Stem biomass [t/ha] Branch biomass [t/ha] Foliage biomass [t/ha] Root biomass [t/ha] Tree biomass [t/ha] Tree carbon [t/ha]

10 cm 30cm 50 cm 10 cm 30cm 50 cm 10cm 30cm 50 cm 10 cm 30cm 50 cm 10cm 30cm 50 cm 10 cm 30cm 50 cm

North Europe

Finland 49.6 186.3 232.0 17.1 41.7 425 12.6 18.0 12.0 29.8 85.7 1189 109.0 331.6 405.4 48.2 155.9 197.7
Norway 48.2 217.7 316.6 40.1 80.4 80.1 16.3 27.1 25.0 274 91.9 113.0 132.1 417.1 534.6 57.9 193.8 256.1
Central-West Europe
Austria 45.8 194.3 300.9 45.4 714 70.9 11.9 141 13.8 13.9 753 125.4 117.0 355.0 510.9 52.6 169.7 249.3
Belgium 434 206.9 3235 29.7 47.5 59.8 18.7 18.6 24.6 14.2 76.1 159.1 105.9 349.1 567.1 43.6 164.0 272.6
France 60.2 276.7 412.2 - - - 1.2 55 8.2 18.1 83.0 123.7 79.5 365.3 5441 37.8 172.2 259.7
Germany 371 192.1 296.2 68.7 46.5 71.7 42 115 17.0 339 549 84.6 143.9 304.9 469.5 69.8 145.6 2274
Netherlands 41.8 224.6 325.7 22.6 36.1 63.7 12.1 20.2 24.6 11.6 64.8 1123 88.1 345.7 526.3 44.0 171.9 264.1
Central-East Europe
Czech Republic 41.1 215.2 346.9 17.5 21.6 26.4 35 5.1 6.6 26.7 83.7 133.8 88.8 325.6 513.7 44.4 161.6 258.1
Poland 73.9 278.5 311.2 14.9 322 53.0 10.3 15.5 15.5 22.8 75.0 87.3 121.9 401.2 466.9 60.9 199.5 234.6
Romania 29.9 167.0 246.3 16.2 26.8 45.2 8.7 15.0 18.8 8.3 48.2 81.9 63.1 257.0 392.2 31.6 127.6 197.0
South Europe
Italy 45.0 2104 348.5 249 60.7 102.6 - - - 203 78.6 130.8 90.2 349.7 581.9 45.1 1734 292.4
Spain 55.1 282.8 483.7 60.3 78.9 87.9 4.2 12.3 19.0 34.7 66.9 83.6 154.3 440.9 674.2 77.1 218.8 338.7
Mean [t/ha] 47.6 221.0 328.6 325 49.4 64.0 9.4 14.8 16.8 21.8 73.7 1129 107.8 353.6 515.6 51.1 171.2 254.0
Range [t/ha] 44.0 115.9 251.7 53.8 58.9 76.2 17.5 220 18.4 26.4 43.7 773 91.2 183.9 282.0 45.6 91.2 141.8
Range/Mean [%] 92 52 77 166 119 119 185 149 109 121 59 68 85 52 55 89 53 56
Table 4
Results for biomass in tree compartments, tree biomass (sum of all compartments) and tree carbon on stand level [t/ha] for Fagus sylvatica, for details on the table and the content please see explanations provided for Table 3.

Fagus sylvatica Stem biomass [t/ha] Branch biomass [t/ha] Foliage biomass [t/ha] Root biomass [t/ha] Tree biomass [t/ha] Tree carbon [t/ha]

10cm 30cm 50 cm 10 cm 30cm 50 cm 10 cm 30cm 50 cm 10cm 30cm 50 cm 10cm 30cm 50 cm 10 cm 30cm 50 cm

North Europe

Finland - - - - - - - - - - - - - - - - - -
Norway - - - - - - - - - - - - - - - - - -
Central-West Europe

Austria 55.9 185.4 241.1 36.0 87.9 1105 33 35 3.1 12.7 26.3 329 107.8 303.1 387.6 53.9 149.9 195.4
Belgium 48.0 189.8 248.0 19.1 46.9 63.4 3.6 6.5 8.8 21.2 47.7 61.8 91.9 290.8 382.0 45.0 141.0 188.7
France 80.8 247.6 345.6 - - - 1.6 5.0 6.9 22.6 69.3 96.8 105.1 3219 449.2 49.9 151.1 215.2
Germany 43.5 168.9 241.8 29.7 38.7 37.2 3.6 6.5 8.8 315 49.8 67.0 108.3 263.9 354.7 54.1 130.2 179.1
Netherlands 79.2 233.1 349.7 13.2 39.7 46.1 58 5.4 6.3 344 58.6 82.8 132.7 336.8 485.0 66.1 166.4 244.6
Central-East Europe

Czech Republic 56.1 209.7 299.5 62.0 36.5 30.6 3.0 3.6 4.0 23.4 62.2 87.2 144.6 3121 421.2 723 154.3 2123
Poland 80.2 229.7 277.2 14.6 74.7 143.1 34 6.4 7.7 23.6 74.6 102.7 121.8 385.3 530.7 60.9 1904 267.7
Romania 54.1 178.9 262.0 9.0 30.5 34.6 4.0 4.1 4.7 235 45.0 62.0 90.6 258.5 363.3 45.3 127.7 183.2
South Europe

Italy 63.9 230.2 312.6 214 48.8 65.0 - - - 171 55.8 75.5 102.3 334.8 453.1 51.2 165.5 228.5
Spain 69.3 198.9 260.8 46.5 65.1 76.8 5.0 4.9 43 324 47.2 50.0 153.2 316.2 391.9 76.6 155.6 198.4
Mean [t/ha] 63.1 207.2 283.8 279 52.1 67.5 3.7 5.1 6.1 24.2 53.7 71.9 115.8 3123 4219 57.5 153.2 2113
Range [t/ha] 373 78.7 108.6 53.0 57.4 1125 4.2 3.0 5.6 21.8 48.2 69.8 62.5 126.8 176.1 31.6 62.7 88.6
Range/Mean [%] 59 38 38 190 110 167 114 59 92 90 90 97 54 41 42 55 41 42
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stands is 137.2 t/ha for P. abies (branch 63.0, root 49.1, and foliage
19.3 t/ha) and 74.8 t/ha for F. sylvatica (branch 74.3, root 46.6, and
foliage 4.3 t/ha). Although the differences of the root, branch and
foliage biomass are smaller in absolute terms, the relative differ-
ences are even higher as compared to the stem biomass estimates
(Average Range/Mean for stem biomass and all stands for P. abies
74% (branch 135%, root 83%, and foliage 148%) and for F. sylvatica
45% (branch 156%, root 92%, and foliage 88%) (Tables 3 and 4).
Therefor the choice of stem biomass function contributes most to
total carbon in absolute terms, but the other compartments have
an impact as well, especially in proportion to their results.

Tables 3 and 4 further indicate that these discrepancies differ
between the different stands. In the younger forest stands (DBH
10 cm) the ratio of Range and Mean of the tree carbon estimates
for P. abies is 85% and for F. sylvatica of 54% and thus highest as
opposed to the two older stands. The same patterns are also visible
in the biomass compartments (Tables 3 and 4 and Tables S.1-S.3).
This is not detectable from the single tree results (Figs. 1-7) since
the scaling hides the results at small DBH. The results for the young
trees are very small in absolute values compared to the results of
bigger trees (Figs. 1-7). Still the total carbon results of the young
stands with DBH 10 cm amount for about a fourth of the results
of the old stands with DBH 50 cm (21% for P. abies and 28% for
F. sylvatica; Tables 3 and 4). The large amount of carbon in young
stands is caused by the large number of trees per unit area
(Table 2), which have an amplifying effect on the single tree results
and the differences on forest stand level. Comparing only the
carbon of single trees would be misleading because the stem
number decreases with age due to competition. Such effects need
to be considered if the task is to optimize carbon storage for the
purposes of climate change mitigation, such as REDD+ (Canadell
et al., 2007; Mohren et al., 2012).

Stand-level results for branch and foliage biomass do not show
the same increase based upon DBH as do stem and root biomass.
The results show that foliage and branch biomass are constant
with a modest increase with stand age. This is consistent with
the Pipe Model Theory (Shinozaki et al., 1964a,b) and other
research indicating that after canopy closure Leaf Area Index
(LAI) is a constant (Waring et al., 1982; He et al., 2012).

Our analysis confirms that the general carbon calculation
approach (biomass functions vs. conversion factors) in combina-
tion with the specific parameter estimates for deriving biomass
functions or conversion factors (Appendices A-M) influences the
country-specific results. Differences in carbon estimates across
countries are affected by regional conditions. However determin-
ing the proportion of the detected deviation that is due to the
sampling procedure and methods versus the deviation from envi-
ronmental conditions (e.g. climate, soil or genetics) or differences
in tree allometry remains a key question. Since it is very difficult
to know the true biomass amount by compartment and tree
species, plausibility checks, such as a careful assessment of the
(i) original sample material for calibrating and developing regional
biomass estimation methods and the (ii) statistical approach are
essential. The empirical sample material for the country-specific
estimation methods has large discrepancies (see Tables 5 and 6
for P. abies and F. sylvatica and Tables S.4-S.6 in the Supplementary
material for the remaining species).

Most biomass estimation methods applied in this study use
sample data mostly within a DBH range between 10 and 40 cm
and lack data from very small or very big trees. Tree heights and
ages have similar deficiencies in sample data range (Tables 5 and
6, Tables S.4-S.6 in Supplementary material). This range limitation
results in regression functions derived from sample data that may
lead to unrealistic estimates if they are extrapolated, particularly
for larger, but also smaller tree diameters. Analogously, differences
in tree allometry due to forest management or tree genetics can be

possible sources of deviation in the carbon and biomass results.
Within Europe both management practices (FOREST EUROPE,
UNECE, FAO, 2011) and tree genetics vary strongly by tree species
(Skreppa, 2003; Matyas et al., 2004). This may affect biomass
allocation and growth rates (Schmidt-Vogt, 1977; Gruber, 1987;
Miiller-Starck et al., 1992). Since hardly any references provide
information on allometric properties such as crown length, crown
width or stem taper or even tree genetics, we cannot examine this
in more detail.

The type of estimation method has a large effect on any results
and we want to illustrate this for biomass expansion factors versus
allometric biomass functions. Biomass expansion factors convert
tree volume into biomass by applying a species-specific average
conversion factor, independent of age, tree height, etc. Forest
management strongly affects the growth rates of stands and thus
the tree ring width (Assmann, 1970). Wood density is strongly
correlated to tree ring width (MacPeak et al., 1990; Repola, 2006;
Ledermann and Neumann, 2006) but also to tree age. It is well
known that constant biomass expansion factors tend to overesti-
mate biomass for young trees and underestimate biomass for older
trees (Pietsch and Hasenauer, 2002). Allometric biomass functions
which derive tree biomass from DBH and/or height were developed
to circumvent this problem and include the effect of age in the
biomass predictions.

Biomass in tree compartments show higher differences among
countries than total biomass estimates (Figs. 6 and 7). Again part
of these discrepancies in biomass estimates may be caused by
environmental drivers while the rest is an effect of sample material
and the estimation methodology. Here it is also important to know
the definition of the various tree compartments by country as this
also affects the results (Jenkins et al., 2003). For example, the def-
inition of branch or stem biomass for F. sylvatica in Poland could be
different than in other countries, since the results for total biomass
in Poland did not show clear differences in Fig. 4. Unfortunately, in
the case of Poland (Muukkonen, 2007) we could not test this
hypothesis, since the definition of stem and branch biomass is
not given. But there is some evidence in the results of other coun-
tries. In France stem biomass includes all branches (Vallet et al.,
2006). In most other countries the definition of stem excludes
branches as well as the stump (e.g. for Austria Pollanschiitz,
1974; for Norway Marklund, 1988). This explains why France has
the highest results for stem biomass for P. abies (Fig. 6) but only
average results for total tree biomass (see Fig. 3 and Table 3).

Similarly, the assigned minimum diameter for root biomass (see
Appendices B-M) influences the deviations in root biomass results
(Figs. 6 and 7, Tables 3 and 4). For Austria as well as for Norway it is
assigned 2 mm (Wirth et al.,, 2004; Petersson and Stdhl, 2006),
while for the Czech Republic or Belgium it is assigned 5 mm
(Drexhage and Gruber, 1999; Drexhage and Colin, 2001; Xiao
et al., 2003).

All functions in this study use tree diameter to predict the bio-
mass or volume, with many also using tree height (Table 1 and
Appendices B-M). Any additional predictor variable decreases the
remaining variation and improves the performance of the model
(e.g. Ketterings et al., 2001; Ledermann and Neumann, 2006 or
Lang et al., 2007). Some models use additional variables such as
tree age (Wirth et al., 2004) or tree crown parameters (i.e., crown
ratio or crown length; Repola, 2008, 2009; Ledermann and
Neumann, 2006). Without tree height or crown height as addi-
tional variables the models will assume a constant DBH/height
ratio or DBH/crown height ratio. This is an unrealistic assumption
since height increment culminates earlier than diameter increment
and trees in general modify their crown according to stand density
and the light availability (Assmann, 1970). A good example to
illustrate the effect of additional variables are root biomass esti-
mates of P. abies from Austria and Belgium. Both countries use
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Table 5
Properties of the sample material used for volume and biomass functions for Picea abies
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by country and region: if multiple references are used for the compartments in one

country, each reference is covered by one row. Given for each reference is DBH (diameter at breast height) and tree height of the sample material, the Origin of the samples (the
country where the sample material was collected), the Number of samples, the Age of the sample trees in years as well as the Reference. Boxes with a endash (-) indicate that this

information is not given by the reference. For the volume functions used in Czech Republ
1991).

ic only the maximum diameter and height of the samples is given (Petras and Pajtik,

Forest region Country Compartments DBH Height Origin No. samples  Age [a] References
[cm] [m]
North Europe Finland All 1.7-41.7 2.1-35.0 Finland 613 15-164 Repola (2009)
Norway Aboveground 0.3-634 1.3-35.6 Sweden 551 1-223 Marklund (1988)
Roots 03-634 1.3-35.6 Sweden 342 1-223 Petersson and Stahl (2006)
Central-West Austria Stem volume 5.0-78.0 10.0-44.0  Austria 9972 - Pollanschiitz (1974)
Europe Branches 24-659 2.8-42.6 Austria 3753 35-126 Ledermann and Neumann
(2006)
Foliage 1.8-98.2 2.1-4438 Switzerland 189 15-270 Burger (1947, 1953)
Roots 7.6-41.2 6.8-31.7 Temperate 85 16-142 Wirth et al. (2004)
Europe
Belgium Stem volume - - Belgium 991 - Dagnelie et al. (1985)
Branches 24-659 2.8-42.6 Austria 3753 35-126 Ledermann and Neumann
(2006)
Foliage 4.0-38.0 6.7-25.9 Netherlands 23 9-39 Bartelink (1996)
Roots 7.6-41.2 6.8-31.7 Temperate 85 16-142 Wirth et al. (2004)
Europe
France Aboveground 14.3- - France 309 - Vallet et al. (2006)
71.6
Germany Wood volume - - Germany - - Kublin (2002)
Foliage 25.0- 22.0-29.8  Germany 7 - Schwarzmeier (2000)
55.6
Netherlands Aboveground 0.5-52.0 - European Russia 222 20-155 Hamburg et al. (1997)
Central-East Czech Wood volume -74.0 —46.0 Czechoslovakia 2111 - Petras and Pajtik (1991)
Europe Republic Foliage, twigs 4.0-92.0 4.0-48.0 Czechoslovakia 265 - Petras et al. (1985)
Roots 5.0-25.0 15(mean) N Germany 15 10-40 Drexhage and Gruber (1999)
Poland All 0.0-67.5 2.0-42.7 Europe ~1800 - Muukkonen (2007)
Romania Aboveground - - Romania 5403 - Giurgiu et al. (1972)
South Europe Italy All 8.1-81.7  6.0-40.1 NE Italy 93 - Tabacchi et al. (2011)
Spain All (excl. 9.0-57.5 8.0-29.0 Spain 29 (roots 10) - Ruiz-Peinado et al. (2011)
foliage)
Foliage 5.3-49.2 7.1-23.8 NW Spain 125 34-44 Diéguez-Aranda et al. (2009)
Table 6

Properties of the sample material used for volume and biomass functions for Fagus sylvatica
provided for Table 5.

by country and region: for details on the table and the content please see explanations

Forest region Country Compartments DBH [cm] Height [m] Origin No. Samples  Age [a] References
North Europe Finland - - - - - - _
Norway - - - - - - -
Central-West Europe  Austria Stem (volume) - - Austria 933 - Pollanschiitz (1974)
Branches 2.0-67.1 3.6-39.0 Austria 4213 35-125 Ledermann and Neumann (2006)
Foliage 0.8-57.0 2.6-39.6 Switzerland 91 14-128 Burger (1953)
Roots 4.0-53.0 7.0-28.0 Germany 27 44-127 Bolte et al. (2004)
Belgium Stem (volume) - - Belgium - - Dagnelie et al. (1985)
Branches 5.7-62.1 9.2-33.9 Czech Republic 20 40-114 Cienciala et al. (2005)
Foliage 2.0-33.0 3.5-22.5 Netherlands 38 8-59 Bartelink (1997)
Roots 3.0-38.0 7.0-29.0 Central Europe 48 21-160 Wautzler et al. (2008)
France Aboveground 1.6-81.2 - France 1293 - Vallet et al. (2006)
Germany Wood volume - - Germany - - Kublin (2002)
Foliage 2.0-33.0 3.5-22.5 Netherlands 38 8-59 Bartelink (1997)
Netherlands Aboveground 2.0-33.0 3.5-225 Netherlands 38 8-59 Bartelink (1997)
Central-East Europe ~ Czech Republic Wood volume -74.0 -38.0 Czechoslovakia 1886 - Petras and Pajtik (1991)
Foliage, twigs 8.0-84.0 8.0-36.0 Czechoslovakia 285 - Petras et al. (1985)
Roots 3.0-20.0 9.9 (mean) NE France 16 24-35 Le Goff and Ottorini (2001)
Poland All 2.0-64.0 3.5-29.0 Europe 68 - Muukkonen (2007)
Romania Aboveground - - Romania 7070 - Giurgiu et al. (1972)
South Europe Italy All 5.0-60.7 7.2-31.6 Italy 91 - Tabacchi et al. (2011)
Spain All (excl. foliage) 9.5-74.8  9.0-30.9 Spain 72 (roots 14) - Ruiz-Peinado et al. (2011)
Foliage 9.9-21.0 12.6-26.2 NW Spain 16 - Diéguez-Aranda et al. (2009)

the same reference (Wirth et al., 2004), but Austria use in addition
to DBH also the tree age for root biomass prediction. The additional
variable has rather little effect for small diameters, while the
results for Austria and Belgium strongly deviate after DBH of

40 cm (Fig. 6) and the root biomass of the oldest stand is for
Belgium 33.7 t/ha (+27%) higher than for Austria. The choice of
biomass or carbon estimation method is restricted to the availabil-
ity of the input data. If a forest inventory does not provide certain
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variables (e.g. age or crown height) then more general estimation
methods must be used.

Carbon is derived by multiplying biomass with the carbon
fraction (Eq. (1)). Research indicated that the carbon fraction in
biomass differs by ecoregion (Thomas and Martin, 2012), tree
species (Lamlom and Savidge, 2003) or by tree compartment
(Lamlom and Savidge, 2006). Besides France, Belgium and Spain,
most countries in this study use a carbon fraction of 0.5 as
suggested by IPCC (2006) (Appendix A). Considering the literature
this is a simplification of the complexity of nature, but necessary
since no comprehensive studies exist.

Carbon reporting systems such as the FAO Statistics, the Kyoto
protocol or the UNFCCC (United Nations Framework - Convention
on Climate Change) are not only concerned with carbon stocks but
mainly with changes in carbon stocks (fixation vs. emissions). The
effect of the calculation methods presented in this study might
be substantially smaller for estimating changes in carbon. Still
since the tree results in Figs. 2-5 show different inclination
across the DBH range, one can expect that the different methods
procure different carbon increment rates for the same change in
tree properties like an increase in DBH of 1 cm.

6. Conclusions

We present and compare the official biomass estimation meth-
ods from 12 different countries across Europe as they are used for
the carbon reporting duties within the Kyoto Protocol under
UNFCCC. True tree or stand biomass estimates are impossible to
obtain so we compare and assess the country-specific estimation
methods to provide a conceptual understanding of the different
estimation procedures and how these differences may affect car-
bon predictions at the European scale. After addressing regional
differences by clustering into European forest regions, deviations
of single tree carbon and biomass as well as stand-level results
decrease but remain throughout Europe (Figs. 2-5, Tables 3 and
4). These discrepancies can be explained with (i) differences in
the sample material (Tables 5 and 6), (ii) the variables used in
the biomass functions and (iii) the definition of the compartments
(Appendices B-M). No additional patterns according to the
biomass calculation methods (allometric biomass functions or
biomass expansion factors) are evident.

The quality of tree carbon calculations in Europe needs to be
improved and systematic quality checks for providing consistent
carbon estimation methods are required. These checks must
include (i) the definition of the tree compartments, (ii) additional
variables to capture differences in site conditions, management
impacts, and age effects, (iii) the performance of biomass functions
when applied beyond the range of the data set available for

Table A1
Carbon fraction (CC) for converting biomass into carbon.

parametrization, (iv) representativeness of the functions and the
used sample material in terms of covering the tree allometry
and specific variability of trees in the region of interest and
(v) plausibility checks with local sample material, especially when
estimation systems from other regions are applied.

We strengthen the findings of the FPS COST ACTION E43 on
“Harmonisation of National Inventories in Europe: Techniques
for Common Reporting” (McRoberts et al., 2009; Stahl et al,
2012) by quantifying the deviation caused by different carbon
calculation methods in Europe, which can lead to differences in
tree carbon up to 140 t/ha for P. abies and 90 t/ha for F. sylvatica.
We also highlight new issues discovered like the high discrepan-
cies in young stands or the effect of additional tree variables such
as crown length or tree age. Choosing and modifying the carbon
calculation methodology is the responsibility of each country
and NFI organization. However, this is a critical task that should
be coordinated across countries because it has such significant
ramifications such as its influence on climate change mitigation
policy.
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Appendix A. General details on carbon estimation

Tree carbon gets calculated according to the following general
equation.

Carbon fraction [/]

Country Picea abies Pinus sylvestris Fagus sylvatica Quercus robur Betula pendula
Austria 0.5 0.5 0.5 0.5 0.5
Belgium 0.5 0.5 0.49 0.5 0.5
Czech Republic 0.5 0.5 0.5 0.5 0.5
Finland 0.5 0.5 0.5 0.5 0.5
France 0.475 0.475 0.475 0.475 0.475
Germany 0.5 0.5 0.5 0.5 0.5
Italy 0.5 0.5 0.5 0.5 0.5
Netherlands 0.5 0.5 0.5 0.5 0.5
Norway 0.5 0.5 0.5 0.5 0.5
Poland 0.5 0.5 0.5 0.5 0.5
Romania 0.5 0.5 0.5 0.5 0.5
Spain 0.506 0.509 0.486 0.484 0.485
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Table A.2
Dry wood density (wd) for converting volume into biomass.
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Dry wood density [t dry biomass/m?]

Country Picea abies Pinus sylvestris Fagus sylvatica Quercus robur Betula pendula
Austria 0.362 0.450 0.561 0.579 0.551
Belgium 0.380 0.480 0.560 0.600 0.550
Czech Republic 0.380 0.430 0.570 0.550 0.520
France 0.438 0.438 0.546 0.546 0.546
Germany - branch 0.490 0.490 0.540 0.570 0.540
Germany - stem 0.360 0.360 0.490 0.540 0.490
Romania 0.370 0.420 0.585 0.560 0.525

Table A.3

Root-to-shoot ratio (RS) for deriving root biomass with aboveground biomass (BM).
Root-to-shoot ratio [/]
Country Picea abies Pinus sylvestris Fagus sylvatica Quercus robur Betula pendula
France 0.30 0.30 0.28 0.28 0.28
Germany - BM < 50 t/ha (Picea, Pinus), BM < 75 t/ha (Fagus, Betula) 0.46 0.46 0.43 0.35 0.43
Germany - BM 50-150 t/ha (Picea, Pinus), BM 75-150 t/ha (Fagus, Betula) 0.32 0.32 0.26 0.35 0.26
Germany - BM > 150 t/ha 0.23 0.23 0.24 0.35 0.24
Italy 0.29 0.36 0.20 0.20 0.24
Poland 0.23 0.23 0.24 0.24 0.24

Ciree = CC  (dsm + dbm + dfm + drm) (A1) branch), CR crown ratio calculated CR = (H — HC)/H, wd dry wood

where Cg.. is the total carbon content of a tree [kg], CC is the carbon
fraction [/] given for each country in Table A.1, dsm is the dry stem
biomass [kg], dbm the dry branch biomass [kg], dfm the dry foliage
biomass [kg] and drm the dry root biomass [kg].

If applicable in the country-specific methodology, dry wood
density wd to derive biomass using volume estimates are provided
in Table A.2 and root-to-shoot ratio RS for deriving root biomass in
Table A.3.

Some of the biomass calculation methods consider different
compartments than the above mentioned. To get comparable
results, the results of these sub-compartments are aggregated to
the compartments stem, branch and roots according to the follow-
ing equations:

dsm = dswm + dsbm (A.2)
dbm = dabm + ddbm (A.3)
drm = dstm + dcrm + dfrm (A.4)

with dsm dry stem biomass, dswm dry stem wood biomass, dsbm
dry stem bark biomass, dbm dry branch biomass, dabm dry alive
branch biomass, ddbm dry dead branch biomass, drm dry root
biomass, dstm dry stump biomass, dcrm dry coarse root biomass,
dfrm dry fine root biomass, all quantities in [kg].

The biomass functions of the Czech Republic and Spain separate
branches into different diameter classes (e.g. Spain Ruiz-Peinado
et al.,, 2011, 2012; Diéguez-Aranda et al., 2009 and Balboa-Murias
et al.,, 2006a,b; for the Czech Republic Petras et al., 1985). As foliage
biomass is included in the branch biomass, for calculating branch
biomass solely foliage biomass get substracted, see Eq. (A.5).

dbm = dbm1 + dbm2 + dbm3 + dbm4 + dbm5 — dfm (A.5)

With dbm1 thick branches with diameter >7 cm, dbm2 medium
branches with diameter 2-7 cm, dbm3 thin branches and twigs with
diameter <2 cm, dbm4 thin branches with diameter 0.5-2 cm, dbm5
twigs with diameter <0.5 cm, dfm foliage biomass.

In the following chapters the biomass calculations are described
for each country in detail. Often used variables are DBH diameter at
breast height, at 1.3 m above ground, H tree height from ground to
tree top, HC crown height from ground to living crown (first living

density.

Carbon fraction (CC), dry wood density (wd) and Root-to-shoot
ratios (RS) are coefficients most calculation methods use and are
therefore presented accumulated for all calculation methods here.

Appendix B. Biomass calculation in Finland

Allometric biomass functions dependent on DBH, tree height
and crown length are used for calculating biomass for tree com-
partments (stem wood, stem bark, living branches, dead branches,
foliage (leaves/needles), stump, coarse roots (diameter >1 cm))
(Repola, 2008, 2009) and fine roots (diameter <1 cm) (Harkonen
et al.,, 2011) (see Table B.1).

The chosen methodology is largely identical then the method
from the Finnish NIR report. It differs merely in the choice of coef-
ficients used for estimating fine root biomass (Hdrkonen et al.,
2011; Statistics Finland, 2013). It uses allometric biomass func-
tions developed in Finland.

Model type 1:

dswm, dsbm, ... = cf xexp(c0 + c1 x dk/(dk + c2) + c3

xIn(H) + c4 « H + ¢f2) (B.1)
Model type 2:
dswm, dsbm, ... = cf x exp(c0 + c1 x dk/(dk + c2) + c3

x H/(H + c4) + ¢5 = In(CL) + ¢f2) (B.2)
dk =2 +1.25«DBH (B.3)
dfrm = fp, + dfm (B.4)

with dk stump diameter [cm], DBH [cm], H [m], CL crown length
[m], CR crown ratio [/], coefficients ci, ¢f, ¢f2 and f; are given below.
fi are valid for semi-fertile sites (Hdrkonen et al., 2011).

For broadleaf trees and dfm CR is used instead In(CL). For broad-
leaf trees and dabm CL instead In(CL).

F. sylvatica is not native in Finland. Therefore Finland is
excluded from analysis for this tree species.
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Table B.1
Coefficients for calculating biomass for Finland (Repola, 2008, 2009).

Coefficients for biomass by compartments for Finland

Compartment c0 cl c2 c3 c4 c5 of cf2 Model type
Picea abies
dswm —3.555 8.042 14 0.869 0.015 0 1 0.009 1
dsbm —4.437 10.071 18 0.261 0 0 1 0.029 1
dabm -3.023 12.017 14 —5.722 5 1.033 1 0.0425 2
dfm —0.085 15.222 4 —14.446 1 1.273 1 0.0575 2
ddbm -5.317 6.384 18 0.982 1] 0 1.208 0 1
dstm —3.964 11.73 26 0 0 1] 1 0.0615 1
dcrm —2.294 10.646 24 0 0 0 1 0.1095 1
Pinus sylvestris
dswm -3.721 8.103 14 5.066 12 0 1 0.0055 2
dsbm —4.695 8.727 12 0.228 0 0 1 0.0355 1
dabm -5.166 13.085 12 —5.189 8 1.11 1 0.0415 2
dfm -1.748 14.824 4 -12.684 1 1.209 1 0.0625 2
ddbm -5.318 10.771 16 0 0 0 0913 0 1
dstm —6.753 12.681 12 0 0 0 1 0.027 1
derm —5.55 13.408 15 0 0 0 1 0.0395 1
Betula pendula, Quercus robur
dswm —4.879 9.651 12 1.012 0 0 1 0.004035 1
dsbm -5.433 10.121 12 2.647 20 0 1 0.02739 2
dabm —5.067 14.614 12 -5.074 12 0.092 1 0.035855 2
dfm —-20.856 22.32 2 0 0 2.819 1 0.027185 2
ddbm —7.996 11.824 16 0 0 0 2.1491 0 1
dstm -3.574 11.304 26 0 0 0 1 0.03348 1
derm -3.223 6.497 22 1.033 0 0 1 0.07477 1

Table C.1

Coefficients for calculating biomass for Norway (Marklund, 1988; Petersson and Stahl, 2006).
Coefficients for biomass by compartment for Norway

a0 al a2 a3 a4

Picea abies
dswm —2.3032 7.2309 14 0.0355 0.7030
dsbm —3.4020 8.3089 15 0.0147 0.2295
dabm -1.2063 10.9708 13 -0.0124 —0.4923
ddbm —4.6351 3.6518 18 0.0493 1.0129
dfm —1.8551 9.7809 12 0 -0.4873
drm 4.58761 10.4404 138 0 0
Pinus sylvestris
dswm —2.6864 7.6066 14 0.02 0.8658
dsbm —3.2765 7.2482 16 0 0.4487
dabm -2.5413 13.3955 10 0 -1.1955
ddbm —5.8926 7.1270 10 —0.0465 1.106
dfm —3.4781 12.1095 7 0.0413 —1.565
drm 3.4428 11.0654 113 0 0
Quercus robur, Betula pendula
dswm —3.3045 8.1184 11 0 0.9783
dsbm -4.0778 8.3019 14 0 0.7433
dabm -3.3633 10.2806 10 0 0
ddbm —6.6237 11.2872 30 —-0.3081 2.6821
drm 6.1708 10.0111 225 0 0

Appendix C. Biomass calculation in Norway

The methodology is taken from the Norwegian NIR report
(Climate and Pollution Agency, 2013; oral communication Ras-
mus Astrup, 2013). It uses allometric biomass functions devel-
oped in Sweden. For aboveground biomass the functions from
Marklund (1988) and for belowground biomass (minimum root
diameter 2 mm) from Petersson and Stdhl (2006) are used. The
functions for alive branches for P. abies and P. sylvestris also con-
tain the biomass of needles (Marklund, 1988). To compare with
other results the foliage biomass is calculated with separate
functions.

dswm,dsbm, ... = exp(a0 + al « DBH/(DBH + a2) + a3 xH
+ ¢4« In(H)) (C.1)

For the broad leaf species foliage biomass is assumed to be a con-
stant proportion of stem biomass (de Wit et al., 2006):

dfm = dswm % 0.021 (C.2)

DBH [cm] (for drm DBH [mm)]), H [m], drm [g dry weight], coeffi-
cients a0-a4 are given in Table C.1 (Marklund, 1988; Petersson
and Stahl, 2006).

Appendix D. Biomass calculation in Austria

The presented method corresponds widely with the method
for forest carbon calculation used in the Austrian National Inven-
tory report for the Kyoto reporting (Umweltbundesamt, 2013)
(see Tables D.1-D.3).
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Dry stem biomass (dsm) get calculated using stem volume and
species-specific wood density (Gschwantner et al., 2010).

dsm =V xwd (D.1)
V= (DBH/ZOO)2 * 70« H « FF (D.2)
with DBH [cm] and H [m]

FF = c1 + ¢2 « In?(DBH) + c3/H + c4/DBH + ¢5/DBH?

+c6/DBH/H + ¢7/DBH? /H (D.3)

with DBH and H [dm] where V stem volume [m?], FF form factor, wd
dry wood density given in Appendix A [kg dry BM/m3], which is
calculated using wood density and shrinkage factor by tree species
from Wagenfiihr and Scheiber (1985), ci coefficients for form factor
calculations (Pollanschiitz, 1974; Schieler, 1988; Gabler and
Schadauer, 2008) are given below.

Dry branch mass (dbm) is calculated for P. abies (including
foliage biomass), F. sylvatica, B. pendula (same function as for
F. sylvatica) and Q. robur using allometric functions from Ledermann
and Neumann (2006):

dbm = cf xexp(a+ b« In(DBH) + ¢ « H/DBH + d * In(CR)) (D.4)

with DBH [cm], H [m], the species-specific parameters a-d and cf
given below in the following table.

For P. abies dfm is substracted from dbm to get comparable
results.

Foliage biomass (dfm) is calculated for P. abies, F. sylvatica,
B. pendula and Q. robur using allometric functions of Burger
(1947, 1949, 1953) modified after Lexer and Hoenninger (2001).

dfm = a « DBH" (D.5)
dbm and dfim for P. sylvestris after Hochbichler et al. (2006):
dbm, dfm = c¢f « exp(a+ b = In(DBH) + ¢ « In(H)) (D.6)

with DBH [cm], H [m], the species-specific parameters b0, b1, ¢f and
a-d are given below.

Root mass (drm) get calculated for P. abies, F. sylvatica, B. pendula
and Q. robur using the biomass functions of Wirth et al. (2004),
Bolte et al. (2004) and Offenthaler and Hochbichler (2006). Only
Bolte et al. (2004) provide the minimum diameter of the samples
(2 mm).

drm = cf « exp(a + b « In(DBH) + ¢ * In*(DBH) + d = In(A) (D.7)
And for P. sylvestris (Offenthaler and Hochbichler, 2006):
drm = 0.038872 « DBH>%%%7%3 (D.8)

with DBH [cm], A is tree age [a], the species-specific parameters a—d
and cf are given below.

combination of volume functions, expansion factors and allometric
biomass functions from Belgium, Austria, the Czech Republic,
Germany, France and Netherlands (see Tables E.1 and E.2).

V = b0+ b1 %30 + b2 % 25 + b3 % Clyp + b4« H+ b5 % 250« H
(E1)

dsm =V xwd (E.2)

with V merchantable timber volume [m?3] with a minimal diameter
of 7 cm (circumference 22 cm), ¢130 (circumference at 1.3 m height) =
DBH. - -7, H [m], bO-b5 coefficients according to Dagnelie et al. (1985)
given below in the following table, wd dry wood density are taken
from Vande Walle et al. (2005) are given in Appendix A.

If there are no appropriate biomass functions for Belgium
available, the allometric functions from other countries are used.
The functions are selected to give realistic results across the DBH
and height range of the analysed trees.

For dbm, dfm and drm of P. sylvestris (Xiao et al., 2003 cited in
Zianis et al., 2005), for dbm of F. sylvatica, B. pendula and Q. robur
(Cienciala et al.,, 2005 cited in Zianis et al., 2005), for dfm
Bartelink (1997) and for drm Wutzler et al. (2008):

dbm = b0 x DBH"! (E.3)
dfm = fO + f1 « DBH" )
drm = r0 « DBH" (E.5)

The coefficients are given in the following table.

For P. abies and dbm (including needles) Ledermann and
Neumann (2006), for dfm (not added to total biomass to avoid
double counting) Bartelink (1996), for drm Wirth et al. (2004):

dbm = b0 = exp(b1 + b2 « In(DBH) + b3 « H/DBH) (E.6)
dfm = exp(fO + f1 x In(DBH) + f2 = In(H)) (E.7)
drm =10 x exp(r1 + r2 x In(DBH)) (E.8

with DBH [cm], H [m], coefficients given below.
Minimum diameter for root biomass is only provided by Xiao
et al. (2003) and is 5 mm.

Appendix F. Biomass calculation in France

The below presented methodology is selected based on avail-
able literature on biomass in forests for France (INRA, 2004). It is
largely identical then the method from the French NIR report
(CITEPA, 2013). It combines volume functions with expansion fac-
tors developed in France (see Table F.1).

FF = (a+b « CBH + ¢ x CBH*’ /H) x (1 + d/CBH?) (F.1)

V = FF % (7/40000) * CBH* +H (F.2)
Appendix E. Biomass calculation in Belgium dsm + dbm =V x wd (F.3)
The below presented methodology is the result of a literature ~ dfm =V x wd x 0.02 (F4)
review. The volume calculation method is identical in the
Belgium NIR report (Flemish Environment Agency, 2013). It is a drm = RS + (dsm + dbm + dfm) (F.5)
Table D.1
Coefficients for calculating form factor for Austria (Pollanschiitz, 1974; Schieler, 1988; Gabler and Schadauer, 2008).
Coefficients for form factor for Austria
cl c2 c3 c4 c5 c6 c7
Picea abies 0.46818 -0.013919 -28.213 0.37474 -0.28875 28.279 0
Pinus sylvestris 0.435949 —0.014908 5.21091 0 0.028702 0 0
Fagus sylvatica 0.686253 —0.037151 —31.0674 —0.386321 0.219462 49.6163 —22.3719
Quercus robur 0.115631 0 65.9961 1.20321 —0.930406 —215.758 168.477
Betula pendula 0.42831 ~0.06643 0 0 0 8.4307 0
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Coefficients for calculating branch and foliage biomass for Austria (Ledermann and Neumann, 2006 and Burger, 1947, 1949, 1953 modified after Lexer and Hoenninger, 2001)

Coefficients for branch biomass for Austria

For foliage biomass

a b c d of a b c of
Picea abies -1.9576 2.0252 0.1451 0.9154 1.051 0.0956 1.56 - -
Pinus sylvestris —3.2856 2.1684 0.1473 - 1.041 —3.8876 1.5904 0.2348 1.0417
Fagus sylvatica, Betula pendula —3.3205 2.5568 —0.1092 0.6002 1.212 0.0217 1.7 - -
Quercus robur —1.2943 1.9445 0 1.2137 1.280 0.0270 1.7 - -
Table D.3
Coefficients for calculating root biomass for Austria (Wirth et al., 2004; Bolte et al., 2004; Offenthaler and Hochbichler, 2006).
Coefficients for root biomass for Austria
a b c d of
Picea abies —8.35049 4.56828 —-0.33006 0.28074 1.0406
Fagus sylvatica, Betula pendula -4 2.32 0 0 1.08
Quercus robur —3.97478 2.52317 0 0 1.0505
Table E.1
Coefficients for calculating stem volume for Belgium (Dagnelie et al., 1985).
Coefficients for stem volume for Belgium
b0 b1 b2 b3 b4 b5
Picea abies —0.01093 0.001395 —9.6E-06 —2.5E-07 —-0.00279 4.9E-06
Pinus sylvestris —0.03984 0.001551 —6.2E-06 4.8E-08 7.4E-05 2.96E-06
Fagus sylvatica —-0.01557 0.000923 -7.1E-06 —7.7E-08 —0.00135 4.04E-06
Quercus robur —-0.00227 0.000124 1.26E-05 —5.9E-08 —-0.00167 3.75E-06
Betula pendula -0.01139 —0.0001 2.83E-05 —1.9E-07 —0.0006 3.08E-06

Table E.2

Coefficients for calculating branch, foliage and root biomass for Belgium (Ledermann and Neumann, 2006; Wirth et al., 2004; Bartelink, 1997; Wutzler et al., 2008; Cienciala et al.,

2005; Xiao et al., 2003).

Coefficients for branch biomass

For foliage biomass For root biomass

b0 b1 b2 b3 fo fl f2 0 r1 2
Picea abies 1.102 -1.1635 1.7459 —0.9499 —1.346 3.351 -2.201 1.0554 -5.3789 2.9211
Pinus sylvestris 0.0022 29122 0 0 0 0.00445 2.2371 0.3399 1.4728 0
Fagus sylvatica, Quercus robur, Betula pendula 0.021 2.471 0 0 0.375 0.0024 2.517 0.0282 2.39 0

Table F.1
Coefficients for calculating tree volume for France (Vallet et al., 2006).

Coefficients for tree volume for France

a b c d
Picea abies 0.631 —0.000946 0 0
Pinus sylvestris 0.297 0.000318 0.384 204
Quercus robur, Betula pendula 0.471 —0.000345 0.377 0
Fagus sylvatica 0.395 0.000266 0.421 45.4

with FF Form factor for tree volume estimation, CBH=DBH - 1t
(circumference at 1.3 m height), H [m], V [m?] aboveground tree
volume, a-d coefficients according to Vallet et al. (2006) given in
the following table, wd wood density and RS root-to-shoot ratio
given in Appendix A. Minimum root diameter is not defined.

Foliage biomass dfm is considered to be 2% of the total above-
ground biomass.

Appendix G. Biomass calculation in Germany

The methodology presented below is identical to the method
used in the German NIR report (Federal Environmental Agency,
2012) using the same volume functions as the German Forest
Inventory (Bundeswaldinventur) (see Table G.1).

Wood volume, wood density and expansion factors are used to
calculate biomass. Raw wood volume (minimum diameter 7 cm)
(Kublin, 2002) is calculated with the functions implemented in
the program BDAT 2.0 (Kublin, 2002) depending on species, DBH,
tree height and d7 (diameter at height of 7 m). The estimation of
the variable d7 is done by the program BDAT 2.0 for trees, as these
values are not included in the dataset. Tree wood volume is calcu-
lated with raw wood volume and expansion factors (see Table G.1)
derived from Grundner and Schwappach (1952) cited in Federal
Environmental Agency (2012).

Foliage biomass is included in the estimates for coniferous spe-
cies. Its share can be estimated with respective biomass functions
for foliage, for P. abies from Schwarzmeier (2000), for P. sylvestris
from Xiao et al. (2003), for B. pendula from Hytonen et al. (1995),
for F. sylvatica from Bartelink (1997) and for Q. robur from Curiel
Yuste et al. (2005). The volume functions are from Germany, the
functions for the remaining compartments from other European
countries.

dsm = Vg * wd_stem (G.1)
Viw = a+ Vgw + b (G2)
dbm = (Vi — Vrw) * wd_branch (G.3)
drm = RS  (dsm + dbm + dfm) (G.4)
dfm = a + b « DBHC « H" (G.5)
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Table G.1

Coefficients for converting raw wood volume to tree wood volume (Federal Environmental Agency, 2012) and for calculating foliage biomass for Germany (Schwarzmeier, 2000;

Xiao et al., 2003; Hytonen et al., 1995; Bartelink, 1997; Curiel Yuste et al., 2005).

Coefficients for tree wood volume for Germany

Coefficients for foliage biomass

a b a b c d
Picea abies, age <60 years 0.036697 1.148143 0 0.0026146 2.6763 0
Picea abies, age >60 years 0 1.177947 0 0.0026146 2.6763 0
Pinus sylvestris, age <60 years 0.009946 1.156659 0 0.112269 2.2371 0
Pinus sylvestris, age >60 years 0.036883 1.076103 0 0.112269 2.2371 0
Betula pendula 0.017493 1.121933 0 0.0003 2 0.9583
Fagus sylvatica, age <60 years 0.011942 1.207371 0.375 0.0024 2.517 0
Fagus sylvatica, age 61-100 years 0.008184 1.196184 0.375 0.0024 2.517 0
Fagus sylvatica, age >100 years 0.030255 1.128104 0.375 0.0024 2.517 0
Quercus robur 0.101879 1.051529 0 0.0024 2.6081 0

with Vg rawwood volume [m?], Vpy, total wood volume [m?], DBH
[cm], H [m], wd_stem is wood density stem, wd_branch wood
density branch (Kollmann, 1982 cited in Federal Environmental
Agency, 2012) and RS root-to-shoot ratio are given in Appendix A,
a, b coefficients for calculating Vry (Federal Environmental
Agency, 2012) and for dfm are given in Table G.1. Minimum root
diameter is not defined.

Appendix H. Biomass calculation in the Netherlands

The chosen method is a combination of the allometric biomass
functions published in Nabuurs et al. (2005) also used in the NIR
report of the Netherlands (National Institute for Public Health
and the Environment, 2013) and biomass fractions calculated using
results from the EFISCEN project (Schelhaas et al., 1999; Vilén et al.,

Table H.1

Coefficients for calculating aboveground biomass for the Netherlands (Hochbichler,
2002; Bartelink, 1997; Johansson, 1999 and Hamburg et al., 1997 cited in Nabuurs
et al., 2005).

Coefficients for aboveground biomass for the Netherlands

a0 al a2
Quercus robur 0.41354 2.14 0
Fagus sylvatica 0.0798 2.601 0
Betula pendula 0.00029 2.50038 0
Pinus sylvestris 0.0217 1.9634 0.9817
Picea abies 0.0533 1.791 0.8955
Table H.2

2005). The allometric biomass functions published in Nabuurs et al.
(2005) use publications providing species-dependent allometric
biomass functions and conversion factors from Europe and the
European part of Russia. For Q. robur the allometric function of
Hochbichler (2002) is used, for F. sylvatica of Bartelink (1997), for
B. pendula of Johansson (1999), for P. sylvestris and P. abies of
Hamburg et al. (1997) (see Tables H.1 and H.2).

BM 5 = a0 + DBH®! s H*
BMmm[ = BMABG * (1 —+ RS)

(H.1)
(H.2)

with DBH [cm] (for B. pendula DBH [mm], H [m], BMapc total above-
ground biomass [kg dry weight], BM;. total tree biomass [kg dry
weight], RS age-dependent root-to-shoot ratio calculated using
biomass fractions from Vilén et al. (2005) given in the next table.
Minimum root diameter is not defined. The species-specific publica-
tions given above provide the coefficients for the aboveground
biomass (a0-a2) and are cited in Nabuurs et al. (2005).

Total above ground biomass get divided into tree compartments
by multiplying with estimates for biomass fractions.

dsm,dbm, ... = f_i x BMq (H.3)

f_i are given below.

Biomass fractions were calculated within the EFISCEN project
(Schelhaas et al., 1999; Vilén et al., 2005) and are based on the
biomass allocation functions. For P. abies based on the functions
of Wirth et al. (2004) for aboveground biomass and for coarse roots
on Lehtonen et al. (2004) for fine roots. For P. sylvestris on the

Age-dependent fraction values for calculating biomass in tree compartments for the Netherlands.

Biomass fractions dependent on tree age [years] for the Netherlands

Picea abies 20 30 40 50 60 70 80 90 100 110 1000
f_stem 0.385 0.474 0.562 0.617 0.642 0.650 0.644 0.639 0.634 0.628 0.619
f_branch 0.349 0.256 0.173 0.130 0.111 0.104 0.106 0.108 0.111 0.115 0.121
f_roots 0.100 0.132 0.166 0.178 0.182 0.188 0.195 0.201 0.205 0.209 0.213
f_foliage 0.167 0.138 0.099 0.077 0.065 0.058 0.055 0.052 0.050 0.048 0.047
RS 0.111 0.152 0.199 0.216 0.223 0.231 0.243 0.251 0.258 0.264 0.271
Pinus sylvestris 30 40 50 60 80 100 120 1000

f_stem 0.357 0.504 0.583 0.624 0.661 0.679 0.688 0.691

f_branch 0.368 0.258 0.195 0.163 0.135 0.125 0.123 0.127

f_roots 0.109 0.138 0.154 0.163 0.169 0.171 0.168 0.165

f_foliage 0.167 0.101 0.068 0.050 0.035 0.026 0.021 0.018

RS 0.122 0.160 0.182 0.195 0.204 0.206 0.203 0.197

Fagus sylvatica, Quercus robur, Betula pendula 40 60 80 100 120 140 1000

f_stem 0.600 0.674 0.692 0.693 0.712 0.721 0.721

f_branch 0.100 0.108 0.118 0.129 0.108 0.095 0.089

f_roots 0.261 0.191 0.174 0.165 0.167 0.171 0.176

f_foliage 0.044 0.022 0.016 0.014 0.013 0.013 0.014

RS 0.350 0.237 0.211 0.198 0.200 0.206 0.214
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functions of Cienciala et al. (2006) for aboveground biomass and on
Marklund (1988) for root biomass. For F. sylvatica, B. pendula and Q.
robur on Bartelink (1997) and Cienciala et al. (2005) for above-
ground biomass and Le Goff and Ottorini (2001) for root biomass.

In the EFISCEN database there are no specific biomass fractions
for the Netherlands available. Therefore the conversion factors
developed for Germany/Austria were selected as these are proba-
bly most comparable with the conditions of forests in the
Netherlands.

Appendix 1. Biomass calculation in the Czech Republic

The presented method of calculating carbon is developed using
volumetric functions applied in volume tables for Czechoslovakia
(Petras and Pajtik, 1991), density of wood and bark of tree species
(Klement et al., 2010) and published allometric biomass functions
(Drexhage and Colin, 2001; Petras et al., 1985). It combines volume
functions, biomass expansion factors and allometric biomass func-
tions from the Czech Republic (see Tables 1.1-1.3).

dswm,dsbm,... = V;xwd x I;
dfm, drm, dbm5 = b1« (DBH + b2)” « H* « b5

(1)
(1.2)

where V; is the volume of a certain compartment [m?], wd is wood
density [kg/m?] given in Appendix A and I; correction index (if
applicable) derived from Pozgaj et al. (1993), Chmelaf (1992) and
Miles and Smith (2009).

Minimum root diameter is 5 mm (Drexhage and Collin, 2001).
The correction indices for individual tree species and b1-b5 coeffi-
cients for biomass calculation are given below.

dsm = BMwood>7chB + dsbm
dbm = BMwood<7chB +dbm5

(13)
(14)

where BM,yo04>7cmus 1S the biomass of wood under bark with diam-
eter equal to or above 7 cm [kg dry BM|, dsbm is biomass of bark [kg
dry BM], BMy00d<7cmus is biomass of wood under bark with diameter
below 7 cm [kg dry BM], dbm5 is biomass of green twigs [kg dry
BM] as previously described. The individual biomass parts are
calculated as follows:

BMy0d>7cmus = Vwood>7emus * wd (I.5)
(16)

(1.7)

BMwood<7chB = Vwood<7chB * wd * lwood<7cm
dsbm = Vbark *wd * Ibark

Table 1.1
Correction indices of wood density for the Czech Republic (PoZgaj et al., 1993;
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The volume of individual parts of the tree were calculated using
two-parameter regressions applied in volume tables for Czechoslo-
vakia and compiled or modified by Petrds and Pajtik (1991).
The volume of the different parts of tree (tree, stem, wood
with diameter equal to or above 7 cm under bark, wood with
diameter below 7 cm under bark) is calculated using volumetric
equations.

The compartment is indicated by the lower index. OB indicate
volume over bark and UB under bark. If this is not stated, the used
formula is valid for both OB and UB.

General equation for all different volumes of P. abies is:

Vi = a0 = (DBH + a1)™ « H* — a4 = (DBH + a5)"® « H" (1.8)
For F. sylvatica:
V; = FF; « 0« DBH* « H/40000 (1.9)
FFgtem = a0 + al =« DBH + a2 « DBH* + a3 « DBH® + a4 x H
+a5 = H « DBH + a6 « DBH> « H+ a7 «DBH> «H  (1.10)
FFwood>7cn = a0 + al/DBH + a2 /DBH? + a3 /DBH® + a4 « H
+a5 «H«DBH + a6 « DBH? «H+ a7 « DBH> xH  (1.11)
FFyee08 = a0 + al/H + a2 /H* + a3/DBH + a4 « H/DBH
+ a5 « H* /DBH + a6/DBH? + a7 /DBH? /H
+ a8/DBH? /H* + a9/DBH’ + a10/DBH® « H
+al1/DBH? « H? (1.12)
For Q. robur:
FFgem = a0 + a1/DBH + a2/DBH* + a3/DBH? + a4 « H
+a5«H«DBH + a6 «DBH* «H+ a7 «DBH> xH ~ (1.13)
FFyood>7cm, FFireeo = a0 + a1 /H + a2/H? + a3 /DBH + a4
« H/DBH + a5 « H* /DBH + a6 /DBH>
+ a7/DBH?/H + a8/DBH? /H?
+a9/DBH® + a10/DBH® « H
+al1/DBH? « H? (1.14)

Chmelaf, 1992; Miles and Smith, 2009).

Correction indices of wood density for the Czech republic

Picea abies Pinus sylvestris Fagus sylvatica Quercus robur Betula pendula
I bark 1.25 0.95 1.2 1 1.13
I wood <7 cm 1.2 1.1 1.1 1.1 1.1

Table 1.2

Coefficients for calculating biomass for the Czech Republic (Drexhage and Colin, 2001; Petras et al., 1985).

Coefficients for biomass calculations for the Czech republic

b1 b2 b3 b4 b5 Reference
Picea abies Twigs 0.016 1 1.788 0.679 0.468 Petras et al. (1985)
Picea abies Foliage 0.015 1 1.831 0.564 0.426 Petras et al. (1985)
Picea abies Roots 0.020 0 2.360 0 1 Drexhage and Colin (2001)
Pinus sylvestris Twigs 0.236 1 1.842 -0.434 0.457 Petras et al. (1985)
Pinus sylvestris Foliage 0.119 1 1.857 —0.360 0.425 Petras et al. (1985)
Pinus sylvestris Roots 0.013 0 2.740 0 1 Drexhage and Colin (2001)
Fagus sylvatica, Quercus robur, Betula pendula Twigs 0.076 1 2.245 —0.559 0.401 Petras et al. (1985)
Fagus sylvatica, Quercus robur, Betula pendula Foliage 0.029 1 2.432 —0.600 0.365 Petras et al. (1985)
Fagus sylvatica, Betula pendula Roots 0.022 0 2.540 0 1 Drexhage and Colin (2001)
Quercus robur Roots 0.028 0 2.440 0 1 Drexhage and Colin (2001)




Table 1.3

Coefficients for volume calculation for the Czech Republic (Petras and Pajtik, 1991).

Regression coefficients for volumetric equations for the Czech Republic

Compartment a0 al a2 a3 a4 a5 a6 a7 a8 a9 alo all al2
Fagus sylvatica  stemOB 6.77E-01 —-1.43E-02 2.92E-04 -2.11E-06 -3.13E-03 2.67E-04 —-591E-06 4.19E-08
Fagus sylvatica  stemUB 5.84E-01 —-1.14E-02 2.49E-04 —1.88E-06 —2.77E-03 2.40E-04 —5.40E-06 3.87E-08
Fagus sylvatica wood >7cm OB 5.65E—01 —2.33E+00  3.93E+01 —2.34E+02 -1.42E-03 -1.83E-06 6.21E-07 —4.77E-09
Fagus sylvatica wood >7cmUB 5.42E-01 —3.12E+00  4.43E+01 —2.36E+02 -1.07E-03 —-1.86E-05 8.81E-07 —6.00E-09
Fagus sylvatica  treeOB 5.99E-01 —2.02E-01  4.49E+00 5.99E+00 —-441E-01 6.10E-03 —2.97E+00  —1.09E+02  8.99E+01 6.66E+01 —1.09E+01  6.35E-01
Pinus sylvestris  stemOB 3.03E-05 2.08E+00 -1.25E-02 9.61E-01
Pinus sylvestris ~ stemUB 2.26E-05 2.12E+00 —-1.27E-02 9.80E-01
Pinus sylvestris  wood >7cmOB 7.20E-02 —2.12E+00  1.37E+00
Pinus sylvestris  wood >7cmUB 6.43E-02 —-2.12E+00  1.37E+00
Pinus sylvestris  treeOB 3.60E+01 8.11E-01 1.38E+00 3.03E-05 2.08E+00 —-1.25E-02 9.61E-01 1.00E+02
Betula pendula  stemOB 0.00E+00 1.32E+00 —2.30E-04 6.43E+01 —2.04E+01  8.00E+00 —2.32E-01
Betula pendula  stemUB 1.00E+00 —-1.00E-02 1.73E+01 5.05E-03 1.00E-01 —2.06E+00
Betula pendula  wood >7cmOB ~ —4.50E+00  1.08E+00 —1.15E-03  3.12E+04 —2.32E+01  5.50E+00 —1.43E-01
Betula pendula  wood >7cmUB 1.00E+00 —-1.00E-02 1.73E+01 5.05E-03 1.00E-01 —2.06E+00
Betula pendula  treeOB 0.00E+00 1.11E+00 —4.80E-04 8.30E+04 —2.60E+01  8.00E+00 —1.50E-01
Quercus robur ~ stemOB 4.62E-01 4.31E-01 7.46E-01 —9.06E-01 9.96E-04 —-6.73E-06 —-9.82E-07 7.75E-09
Quercus robur ~ stemUB 3.59E-01 —5.25E-01 3.09E+00 —3.14E+00  3.21E-03 —5.84E-05 2.66E-07 —1.96E-09
Quercus robur ~ wood >7cmOB  4.47E-01 5.98E+00 —2.09E+00  —1.49E+01  8.70E-02 1.06E-03 —2.69E+01  1.68E+01 —2.21E-01 2.23E+02 —5.39E+01  —1.01E+00
Quercus robur ~ wood >7cmUB  4.53E-01 2.16E+00 9.10E+00 —1.21E+01  1.81E-01 ~4.01E-03 —6.83E+00  9.44E+00 —2.44E-02 3.37E+01 —9.10E+00  —2.16E+00
Quercus robur ~ treeOB 5.24E-01 4.24E+00 —6.60E+00  —7.81E+00 2.67E-01 —7.01E-03 3.74E+01 —2.14E+00  1.15E-01 —2.95E+01  1.73E+00 —9.29E-02
Picea abies stemOB 4.01E-05 1.00E+00 1.82E+00 1.13E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Picea abies stemUB 3.20E-05 1.00E+00 1.85E+00 1.15E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Picea abies wood >7cmOB  4.01E-05 1.00E+00 1.82E+00 1.13E+00 9.29E-03 1.00E+00 —1.02E+00  8.96E-01
Picea abies wood >7cmUB  3.20E-05 1.00E+00 1.85E+00 1.15E+00 8.29E-03 1.00E+00 —1.02E+00  8.96E-01
Picea abies treeOB 4.45E-05 1.00E+00 1.81E+00 1.13E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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For B. pendula:

Vos = (H+a0)™ « (a2 + a3 « exp(a4 = (DBH + a5)*)) (1.15)
Vs = Vog * (a7 + a8 + (a9  exp(a10 « (Vo + a11)"'?))) (1.16)
For P. sylvestris:
Vstem — a0 x (DBH + 1)a1+a2*log(DBH+1) % Ha3 (117)
Vwood>7cm = Vstem — a4« (DBH + 1)05 * Ha6 (118)
VtreeOB = VsremOB + a4 (DBH + 1)!15/H06 * a7

* (DBH + 1)08+a9*10g(DBH+1) * Halo/all (119)

In case no regression equation was available, the required volume
was calculated from the available volumes following the principles
below:

percent_bark = max{vwood>7cmOB - Vwaad>7chB)/Vwood>7cmOB§

VstemOB - VstemUB)/VstemOB} (120)
Vwood<7cmoB = V'reeos — Vwood>7cmos (1.21)
Vwood<7emus = (1 — percent_bark) * Vieod<7cmos (1.22)
Vbark = VireeoB — Viwood>7cmus — Vwood<7cmup (1.23)

In the listed equations, FF; the form factor for volume estimates [/],
V; volume of tree compartments [m?], percent_bark is proportional
content of bark [/], DBH is tree diameter at breast height in [cm],
and H is tree height in [m] and parameters a0 to al2 are regression
coefficients derived for the respective species and listed in the fol-
lowing table.

Appendix J. Biomass calculation in Poland

Allometric biomass functions using tree height and/or diameter
are used for estimating aboveground biomass in Poland. For
P. sylvestris models developed with sample material from 18 Scots
pines stands in Bory Lubuskie (western Poland) are used (Zasada
et al, 2008). Due to lack of appropriate published biomass

Table J.1
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functions for P. abies, F. sylvatica and Q. robur in Poland generalized
biomass functions for Europe are applied (Muukkonen, 2007). For
B. pendula height- and diameter-dependent functions developed
in Finland are used (Repola, 2008) (see Table ].1).

For P. sylvestris:

dswm, dsbm, ... = a0 « DBH! « H* J.1)
With DBH [mm], H [m]

For P. abies, F. sylvatica and Q. robur:
dsm,dsbm, ... =exp(a0 + al « DBH/(DBH + a2)) J-2)

With DBH [cm]
For B. pendula:
Model type 1:

dswm,dsbm,...=cf xexp(a0+al «dk/(dk +a2)+a3*In(H) +cf2)
J3)

Model type 2:

dswm,dsbm,...=cf xexp(a0+al «dk/(dk+a2)+a3«H/(H+a4)+cf2)
J4)

dk =2 +1.25 « DBH (1.5)

dk and DBH [cm], H [m], all parameters are given below.
Root-to-shoot ratios are the official values used in official Polish

reportings on changes in carbon stocks of the living biomass under

the Kyoto Protocol which are the weighted average of the default

coefficients proposed by IPCC (2006).
drm = RS « (dswm + dsbm + dfm + dabm + ddbm) (1.6)

RS is given in Appendix A. Minimum root diameter is not
defined.

Appendix K. Biomass calculation in Romania

Tree biomass is calculated using the volume functions devel-
oped in Romania by Giurgiu et al. (1972) used in the Romanian
NIR report combined with biomass expansion factors. The

Coefficients for calculating biomass for Poland (Zasada et al., 2008; Repola, 2008; Muukkonen, 2007).

Coefficients for biomass calculation for Poland

a0 al a2 a3 a4 cf cf2 Model type
Pinus sylvestris
dswm 0.00041 1.627725 1.390374 - - - - -
dsbm 0.000192 2.117192 - - - - - -
dabm 0.0000038 3.653659 —1.6008 - - - - -
ddbm 0.0000072 2.433082 - - - - - -
dfm 0.000212 2.30978 —0.58099 - - - - -
Picea abies
dsm —-3.043 11.784 9.328 - - - - -
dbm —0.537 10.093 40.426 - - - - -
dfm -1.360 7.308 19.662 - - - - -
Fagus sylvatica, Quercus robur
dsm —0.657 10.730 17.394 - - - - -
dbm -2.128 13.295 26.095 - - - - -
dfm —2.480 9.511 26.771 - - - -
Betula pendula
dswm —4.879 9.651 12 1.012 - 1 0.004035 1
dsbm —5.401 10.061 12 2.657 20 1 0.02743 2
dabm —4.152 15.874 16 —4.407 10 1 0.051975 2
ddbm -8.335 12.402 16 - - 2.0737 0 2
dfm —29.566 33.372 2 - - 1 0.0385 2
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calculated volume includes above ground tree compartments
excluding foliage. Wood density values from the Global wood den-
sity database (Zanne et al., 2009; Chave et al., 2009) and biomass
fractions calculated using results from the EFISCEN project (Vilén
et al., 2005) (see Tables K.1 and K.2).

log10(Vgpe) = a0 + al « log10(DBH) + a2 « (log10(DBH))?

+ a3 xlog10(H) + a4 x (loglO(H))2 (K1)
BM ppc = Vapc * wd ([(2)
dsm,dbm, ... = f_i x BMagc (K.3)

where V3¢ aboveground tree volume [m3], BMagc aboveground tree
biomass [kg], DBH [cm], H [m], wd dry wood density [kg/m?] from
the Global wood density database (Zanne et al., 2009; Chave
et al, 2009) in Appendix A, coefficients a0-a4 and fi age-
dependent biomass fractions are given below. Minimum root
diameter is not defined.

Appendix L. Biomass calculation in Italy

The methodology is a combination of the allometric biomass
functions developed with sample material from Italy from
Tabacchi et al. (2011) and the conversion parameters from
Federici et al. (2008). dsm includes stem and branches >5 cm
diameter and dbm includes foliage and branches <5 cm diameter
(Tabacchi et al., 2011). The Italian NIR report for the Italian Green-
house Gas Inventory for the period 1990-2010 (ISPRA, 2013) use
growing stock reported by the NFI (MAF-ISAFA, 1988) in combina-
tion with biomass expansion factors, wood density and root-shoot
ratios citing Federici et al. (2008). Growing stock is calculated with
allometric functions, which are developed with a subset of the
sample material used for the models used in this work (Tabacchi
et al,, 2011). Since Q. robur and B. pendula are not covered in

Table K.1
Coefficients for aboveground volume calculation for Romania (Giurgiu et al., 1972).

Coefficients for aboveground volume for Romania
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Tabacchi et al. (2011), we use the models from Quercus pubescens
Willd. for the first and from “Altre latifoglie” (other broadleaves)
for the second species from the same reference (see Table L.1).

dsm = sO + s1 + DBH? « H + s2 « DBH (L.1)
dbm = b0 + b1 « DBH? « H + b2 « DBH (L.2)
drm = RS x (dsm + dbm) (L.3)

with DBH [cm], H [m], sO-s2 and b0-b2 according to Tabacchi et al.
(2011) given in table below, RS according to Federici et al. (2008) in
Appendix A. Minimum root diameter is not defined.

Appendix M. Biomass calculation in Spain

Until now for international reporting, carbon stock in living bio-
mass was calculated using the method of “Change in Carbon
Stocks” described in the GPG-LULUCF (IPCC, 2006). Biomass expan-
sion factors were based on large dataset collected in the Ecological
Forest Inventory of Catalonia, Spain (Gracia et al., 2002; Makipda
et al., 2005). Root biomass is estimated with an expansion factor
according to IPCC methodology (IPCC, 2006) (see Table M.1).

In future for international reporting on forest biomass allomet-
ric functions are probably used. These functions are developed in
Spain and are dependent on DBH and/or tree height (Ruiz-
Peinado et al., 2011, 2012; Diéguez-Aranda et al., 2009).

For P. abies (functions from Abies alba), P. sylvestris and F. sylvat-
ica the functions from Ruiz-Peinado et al. (2011) and Ruiz-Peinado
et al. (2012) are used, for B. pendula (functions from Betula alba)
from Diéguez-Aranda et al. (2009) and for Q. robur from Balboa-
Murias et al. (2006a, 2006b). The minimum root diameter is not
given; the authors state however that fine roots are not captured
by their excavation method (Ruiz-Peinado et al., 2011, 2012).

As there are no explicit functions for foliage biomass given in
Ruiz-Peinado et al. (2011, 2012), the foliage biomass functions
from Diéguez-Aranda et al. (2009) are used. For P. abies and for P.
sylvestris the function from Pinus pinaster are used, for F. sylvatica
the function from Betula alba (Diéguez-Aranda et al., 2009).

The general equation for P. abies and P. sylvestris is:

dsm,dbm1,...=axDBH? « H* + d « H (M.1)

a0 al a2 a3 a4 For P. sylvestris, dbm1 = 0 for DBH <= 37.5 cm, if DBH > 37.5 cm:
Picea abies —-4.18161 2.08131 -0.11819 0.70119 0.14818 2 P
Pinus sylvestris  —3.84672 1.82103 —0.04107 035677  0.33491 dbm1=0.54+(DBH—-37.5)"-0.0119%(DBH-37.5)"«xH  (M.2)
Fagus sylvatica —-4.11122  1.30216 0.23636 1.26562 —0.07966 . . ..
Quercus robur  —4.13329  1.88001 004880 095371 —0.06364 The general equation for F. sylvatica, Q. robur and B. pendula is:
Betula pendula  —-4.16999  2.27038 -0.21540 0.30765 0.36826

P dsm,dbm1,...=a+DBH® « H + d « DBH? + e (M.3)
Table K.2
Age-dependent biomass fractions for calculating biomass in compartments for Romania.

Biomass fractions dependent on tree age [years] for Romania
Picea abies 20 30 40 50 60 70 80 90 100 110 1000
Stem 0.525 0.649 0.765 0.826 0.853 0.862 0.859 0.855 0.851 0.845 0.836
Branches 0.475 0.351 0.235 0.174 0.147 0.138 0.141 0.145 0.149 0.155 0.164
Roots 0.136 0.180 0.226 0.238 0.242 0.249 0.260 0.269 0.275 0.281 0.288
Foliage 0.227 0.189 0.135 0.103 0.086 0.077 0.073 0.070 0.067 0.065 0.063
Pinus sylvestris 30 40 50 60 80 100 120 1000
Stem 0.493 0.661 0.749 0.793 0.830 0.845 0.848 0.845
Branches 0.507 0.339 0.251 0.207 0.170 0.155 0.152 0.155
Roots 0.150 0.181 0.198 0.208 0.213 0.213 0.208 0.201
Foliage 0.230 0.132 0.087 0.063 0.044 0.032 0.026 0.022
Fagus sylvatica, Quercus robur, Betula pendula 40 60 80 100 120 140 1000
Stem 0.857 0.862 0.855 0.843 0.869 0.883 0.890
Branches 0.143 0.138 0.145 0.157 0.131 0.117 0.110
Roots 0.373 0.244 0.215 0.201 0.204 0.209 0.218
Foliage 0.063 0.028 0.020 0.017 0.016 0.016 0.017
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Table L.1
Coefficients for calculation biomass for Italy (Tabacchi et al., 2011).
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Coefficients for biomass calculations for Italy

s0 s1 s2 b0 b1 b2
Picea abies —5.9426 0.01321 0.78369 5.9459 0.0040669 -0.21054
Pinus sylvestris 0.65786 0.017176 0 2.1336 0.0045864 0
Fagus sylvatica —0.83814 0.024865 0 2.504 0.0051283 0
Quercus robur 1.0832 0.029634 —-0.49794 —8.2101 0.0030396 1.7561
Betula pendula -9.1098 0.0073484 2.3666 —3.6118 0.004319 0.74127
Table M.1 References
Coefficients for calculating biomass for Spain (Ruiz-Peinado et al, 2011, 2012;
Diéguez-Aranda et al., 2009; Balboa-Murias et al., 2006a, 2006b). Aratjo, T.M., Higuchi, N., Andrade de Carvalho Junior, ], 1999. Comparison of
formulae for biomass content determination in a tropical rain forest site in the
Coefficients for biomass calculation in Spain state of Para, Brazil. For. Ecol. Manage. 117, 43-52.
Picea abies a b c d Assmann, E., 1970. The Principles of Forest Yield Study. Pergamon press, New York,
506 p.
dsm 0.0189 2 1 0 Balboa-Murias, M.A., Rodriguez-Soalleiro, R., Merino, A., Alvarez-Gonzalez, ].G.,
dbm1 + dbm2 0.0584 2 0 0 2006a. Temporal variations and distribution of carbon stocks in aboveground
dbm3 0.0371 2 0 0.968 biomass of radiata pine and maritime pine pure stands under different
dfm 0.1081 1.51 0 0 silvicultural regimes. For. Ecol. Manage. 237, 29-38.
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drm 0.13 2 0 0 Bolte, A., Rahmann, T., Kuhr, M., Pogoda, P., Murach, D., Gadow, K.V., 2004.
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23344.a3.
dbm2 0.0792 2 0 0 0 Burger, H., 1947. Holz, Blattmenge und Zuwachs. VIII. Mitteilung. Die Eiche.
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All functions with biomass in [kg], DBH [cm] and H [m], coefficients
a-e are given below.
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e Tables on biomass and carbon results on stand level for tree species not presented in paper
(Tables S.1, S.2 and S.3)

e Tables on properties of sample material tables for tree species not presented in paper
(Tables S.4, S.5 and S.6)



Table S.1: Results for biomass in tree compartments, tree biomass (sum of all compartments) and tree carbon on stand level [t/ha] for Pinus sylvestris, results

arranged according to the 4 Forest regions, first column give the results for the stand with quadratic mean diameter (DBH) of 10 cm, second column for DBH of

30 cm and third column for DBH of 50 cm. At the end of table selected statistics are given for each stand and each biomass and carbon estimate: Mean and

Range (Maximum — Minimum) of the country estimates and variation expressed as Range divided by Mean.

Pinus sylvestris

Stem biomass [t/ha]

Branch biomass [t/ha]

Foliage biomass [t/ha]

Root biomass [t/ha]

Tree biomass [t/ha]

Tree carbon [t/ha]

‘30cm ‘50cm

10cm ‘30cm ‘50cm

10cm ‘30cm ‘50cm

10cm ‘30cm ‘50cm

‘30cm ‘SOcm

10cm ‘30cm ‘SOcm

North Europe 10cm 10cm

Finland 30.3 128.8 158.3 15.1 36.1 343 7.0 8.2 5.4 14.4 53.5 69.1 59.8 218.3 261.7 29.9 109.1 1309
Norway 30.6 137.2 194.6 13.2 28.0 25.0 7.4 7.2 5.5 16.0 55.7 64.6 59.8 2209 284.2 299 1104 1421
Central-West Europe

Austria 35,6 154.2 2494 15.9 28.8 35.5 3.6 54 5.8 12.7 254 324 64.2 208.5 317.2 321 104.2 158.6
Belgium 32.3 1624 268.6 5.1 26.0 52.8 2.2 5.2 7.3 28.1 29.2 26.9 65.6 217.6 348.3 32.8 108.8 174.1
France 48.7 1814 316.7 - - - 1.0 3.6 6.3 14.6 54.4 95.0 64.3 239.4 4181 30.5 113.7 198.6
Germany 27.3 123.2 207.2 19.4 23.2 25.8 2.2 5.2 7.3 21.5 46.4 54.1 70.3 198.0 2944 35.2 99.0 147.2
Netherlands 209 146.3 248.7 10.7 26.2 445 4.2 4.4 7.6 5.7 35.8 60.9 414 2127 361.7 20.7 106.4 180.9
Central-East Europe

Czech Republic 22.6 1452 256.0 22.8 25.6 34.7 6.2 6.0 5.8 20.2 85.1 157.1 71.8 261.9 453.7 359 1309 226.8
Poland 37.7 168.5 268.8 12.3 27.9 47.6 83 11.8 14.1 17.5 73.0 117.0 75.8 281.1 4475 37.9 1405 2238
Romania 22.0 115.7 186.7 11.3 20.7 33.4 4.4 3.5 5.7 6.0 28.3 45.7 43.8 168.3 271.5 21.9 84.1 135.7
South Europe

Italy 33.7 1679 292.6 14.4 46.0 78.6 - - - 18.6 88.0 153.0 66.8 301.8 524.2 33.4 1509 262.1
Spain 28.6 150.2 262.2 35.3 32.6 47.9 9.7 10.5 9.9 36.4 67.5 83.1| 100.3 250.3 393.2 50.1 125.2 196.6
Mean [t/ha] 30.9 150.2 250.1 15.9 29.2 41.8 5.1 6.5 7.3 17.7 53.5 79.9 65.3 231.6 364.7 32,5 1153 181.5
Range [t/ha] 27.8 65.6 158.5 30.2 25.2 53.6 8.8 8.3 8.7 30.7 62.6 130.2 58.9 1335 2625 29.4 66.8 131.3
Range/Mean [%] 90% 44% 63% | 189% 87% 128% | 172% 128% 118% | 174% 117% 163% 90% 58% 72% 90% 58% 72%




Table S.2: Results for biomass in tree compartments, tree biomass (sum of all compartments) and tree carbon on stand level [t/ha] for Quercur robur, for

details on the table and the content please see explanations provided for Table S.1

Quercus robur Stem biomass [t/ha] Branch biomass [t/ha] | Foliage biomass [t/ha] Root biomass [t/ha] Tree biomass [t/ha] Tree carbon [t/ha]
North Europe 10cm ‘ 30cm l 50cm |10cm l 30cm ‘ 50cm [10cm | 30cm | 50cm |10cm | 30cm [50cm [10cm ‘ 30cm |50cm |10cm | 30cm | 50cm
Finland 356 1588 1944 10.3 25.0 29.3 53 3.1 1.7 19.9 39.5 48.0 71.1 2263 2734 356 113.2 136.7
Norway 384 1619 1955 14.8 335 36.6 0.7 2.9 3.5 24.0 63.2 95.0 77.9 2615 330.6 389 130.7 165.3
Central-West Europe
Austria 541 204.6 297.2 47.9 54.1 54.3 3.1 3.8 4.2 15.2 45.8 77.1| 120.4 308.2 4328 60.2 154.1 216.4
Belgium 41.1 2240 357.5 14.3 40.7 66.8 2.7 5.6 9.2 16.0 41.5 65.3 74.1 311.8 498.8 37.0 1559 2494
France 59.1 2442 385.1 - - - 1.2 4.9 7.7 16.5 684 107.8 76.8 317.5 500.6 36.5 150.8 237.8
Germany 358 206.5 335.8| 1325 36.8 30.6 2.3 7.4 13.1 58.9 85.2 128.2| 2295 3359 507.6| 114.7 168.0 253.8
Netherlands 106.1 2174 3119 17.7 36.5 41.8 7.8 5.0 5.7 46.1 54.4 74.1| 1769 313.4 433.7 88.4 156.7 216.9
Central-East Europe
Czech Republic 255 184.8 309.8 15.5 27.6 38.0 2.3 2.8 3.8 17.8 48.8 78.9 61.1 264.1 4305 30.5 132.0 2153
Poland 60.3 199.5 2953 11.0 64.5 148.9 2.6 5.5 8.2 17.7 64.7 108.6 91.7 3341 561.0 458 167.1 280.5
Romania 46.0 191.2 300.3 7.9 29.3 46.6 2.1 10.5 16.9 10.5 69.3 1119 66.5 300.3 475.7 33.2 150.2 237.8
South Europe
Italy 485 282.8 4654 27.1 48.7 64.4 - - - 15.1 66.3 106.0 90.7 3979 635.8 453 1989 317.9
Spain 28,5 197.6 321.2 24.9 63.5 226.2 3.3 7.1 8.4 17.4 77.5 120.5 74.2 3456 676.3 371 172.8 338.2
Mean [t/ha] 494 2104 325.0 29.5 41.8 71.2 3.0 5.3 7.5 22.9 60.4 93.4| 100.9 309.7 479.7 50.3 154.2 238.8
Range [t/ha] 80.6 124.0 271.0| 124.6 39.5 196.9 7.1 7.7 15.2 48.4 45.7 80.2| 168.4 171.6 403.0 84.2 85.8 201.5
Range/Mean [%] 163% 59% 83%| 423% 94% 276% | 236% 145% 202%| 211% 76% 86% | 167% 55% 84% | 167% 56% 84%




Table S.3: Results for biomass in tree compartments, tree biomass (sum of all compartments) and tree carbon on stand level [t/ha] for Betula pendula, for

details on the table and the content please see explanations provided for Table S.1

Betula pendula

Stem biomass [t/ha]

Branch biomass [t/ha]

Foliage biomass [t/ha]

Root biomass [t/ha]

Tree biomass [t/ha]

Tree carbon [t/ha]

North Europe

10cm ‘30cm ‘50cm

10cm ‘30cm ‘50cm

10cm ‘30cm ‘50cm

10cm ‘30cm ‘50cm

10cm ‘30cm ‘SOcm

10cm ‘30cm ‘SOcm

Finland 33.4 148.4 152.7 9.8 23.3 22.8 5.0 2.9 1.3 18.8 36.9 37.9 67.0 211.4 2147 33.5 105.7 107.4
Norway 36.0 151.3 153.5 14.0 31.3 28.6 0.6 2.7 2.7 22.7 59.0 76.0 73.3 2443 260.8 36.6 122.1 130.4
Central-West Europe

Austria 41.4 1399 138.8 26.0 67.5 90.5 2.3 2.8 2.7 9.0 21.4 28.1 78.7 231.6 260.1 39.3 115.8 130.0
Belgium 33,5 164.1 203.7 135 38.1 54.1 2.5 5.2 7.5 15.1 38.7 52.8 64.6 246.1 318.0 323 123.1 159.0
France 55.5 228.2 310.0 - - - 1.1 4.6 6.2 15.5 63.9 86.8 72.1 296.6 403.0 343 1409 1914
Germany 30.5 166.6 246.3 24.4 26.3 34.6 0.6 2.9 4.0 23.6 46.3 67.4 79.1 2421 3524 39.5 121.0 176.2
Netherlands 51.3 154.6 231.9 8.5 25.7 29.4 3.8 3.5 4.6 22.3 38.8 56.8 85.5 2227 322.6 42,7 1113 1613
Central-East Europe

Czech Republic 145 133.1 1740 22.8 26.2 35.8 2.2 2.6 3.1 16.6 50.5 74.5 56.1 2124 287.4 28.1 106.2 143.7
Poland 334 148.2 1525 9.8 24.6 32.5 1.8 3.8 2.7 10.8 42.4 45.0 55.7 2189 232.7 27.9 109.5 1164
Romania 29.7 1323 167.4 4.8 22.1 22.6 1.5 3.0 3.1 9.3 33.1 39.8 454 1904 232.8 22.7 95.2 116.4
South Europe

Italy 44.6 91.8 111.3 16.0 46.8 60.6 - - - 14.5 33.3 41.2 75.1 1719 2131 37.6 85.9 106.5
Spain 64.2 136.6 169.5 33.4 41.6 64.4 3.5 4.0 3.7 40.2 29.9 22.3| 124.0 182.8 226.6 62.0 91.4 1133
Mean [t/ha] 39.5 149.7 187.2 16.6 34.0 43.3 2.3 3.5 3.8 18.2 41.2 52.4 73.1 222.6 277.0 36.4 110.7 137.7
Range [t/ha] 49.7 136.4 198.7 28.7 45.4 67.9 4.4 2.6 6.2 31.2 42.5 64.5 78.6 1248 189.9 39.3 55.0 84.9
Range/Mean [%] 126% 91% 106% | 172% 134% 157%| 194% 75% 164%| 172% 103% 123%| 108% 56% 69% | 108% 50% 62%




Table S.4: Properties of the sample material used for volume and biomass functions for Pinus sylvestris by country and region: if multiple references are used

for the compartments in one country, each reference is covered by one row. Given for each reference is DBH (diameter at breast height) and tree height of the

sample material, the Origin of the samples (the country where the sample material was collected), the Number of samples, the Age of the sample trees in years
as well as the Reference. Boxes with a hyphen (-) indicate that this information is not given by the reference. For the volume functions used in Czech Republic

only the maximum diameter and height of the samples is given (Petras and Pajtik 1991)

Pinus sylvestris Country Compartments DBH [cm] Height [m] Origin No. Samples Age[a] References
North Europe Finland all 1.5-358 2.0-28.6 Finland 908 11-146 Repola 2009
Norway aboveground 0.0-48.0 1.3-28.0 Sweden 493 - Marklund 1988
roots 0.0-480 1.3-28.0 Sweden 330 20-117 Petersson and Stahl 2006
Central-West Europe  Austria stem volume - - Austria 1429 - Pollanschiitz 1974
branch, foliage 5.3-34.8 3.9-25.3 Austria 23 25-60 Hochbichler et al 2006
roots 40-450 3.5-32.0 Europe 38 12-149 Offenthaler and Hochbichler 2006
Belgium stem volume - - Belgium - - Dagnelie et al. 1985
branch, foliage, roots 22.0-39.5 18.6-24.5 Belgium 9 73 Xiao et al. 2003
France aboveground 48-525 - France 389 - Vallet et al. 2006
Germany wood volume - - Germany - - Kublin 2002
foliage 22.0-39.5 18.6-24.5 Belgium 9 73 Xiao et al. 2003
Netherlands aboveground 1.0-340 - European Russia 315 20-89 Hamburg et al. 1997
Central-East Europe  Czech Republic wood volume -56.0 -34.0 Czechoslovakia 1659 - Petras and Pajtik 1991
foliage, twigs 40-60.0 4.0-36.0 Czechoslovakia 253 - Petras et al. 1985
roots 40-240 - Finland 20 8-55 Drexhage and Collin 2001
Poland all 6.7-315 3.9-25.7 Poland 90 24 -105 Zasada et al. 2008
Romania aboveground - - Romania 618 - Giurgiu et al. 1985
South Europe Italy all 8.0-40.6 5.0-30.0 Nltaly 43 - Tabacchi et al. 2011
Spain all (excl. foliage) 6.2-76.0 4.6-27.7 Spain 305 (roots 14) - Ruiz Peinado et al. 2011
foliage 5.3-49.2 7.1-23.8 NW Spain 125 34-44 Diéguez-Aranda et al. 2009




Table S.5: Properties of the sample material used for volume and biomass functions for Quercus robur by country and region: for details on the table and the

content please see explanations provided for Table S.4

Quercus robur Compartments DBH [cm] Height [m] Origin No. Samples Age [a] References
North Europe all 2.5-38.7 3.9-29.0 Finland 127 7-132 Repola 2008
aboveground 0.0-36.0 1.3-24.0 Sweden 242 - Marklund 1988
roots 0.5-26.7 1.7-20.8 Sweden 14 7-59 Petersson and Stahl 2006
Central-West Europe stem volume - - Austria 216 - Pollanschiitz 1974
branches 3.6-26.3 6.6-22.4 Austria 96 35-84 Ledermann and Neumann 2006
foliage 3.2-67.0 5.0-32.0 Switzerland 53 13- 155 Burger 1947
roots 5.0-16.0 8.0-12.0 France 55 20-28 Drexhage et al. 1999
stem volume - - Belgium 290 - Dagnelie et al. 1985
branches 5.7-62.1 9.2-33.9 Czech Republic 20 40-114 Cienciala et al. 2005
foliage 2.0-33.0 3.5-225 Netherlands 38 8-59 Bartelink 1997
roots 3.0-38.0 7.0-29.0 Central Europe 48 21-160 Woutzler et al. 2008
aboveground 4.8-90.7 - France 1222 - Vallet et al. 2006
wood volume - - Germany - - Kublin 2002
foliage 24.1 (mean) 17.2 (mean) Belgium 9 67 -74 Curiel Yuste et al. 2005
Netherlands aboveground 1.0-61.0 2.5-19.0 Austria 33 - Hochbichler 2002
Central-East Europe  Czech Republic wood volume -70.0 -38.0 Czechoslovakia 1893 - Petras and Pajtik 1991
foliage, twigs  8.0-84.0 8.0-36.0 Czechoslovakia 285 - Petras et al. 1985
roots 5.0-16.0 8.0-12.0 France 55 20-28 Drexhage et al. 1999
all 2.0-64.0 3.5-29.0 Europe 68 - Muukkonen 2007
aboveground - - Romania 8707 - Giurgiu et al. 1985
South Europe all 5.5-55.9 3.5-243 Italy 117 - Tabacchi et al. 2011
all 14.6-67.5 11.3-27.6 NW Spain 31 - Balboa-Murias et al. 2006




Table S.6: Properties of the sample material used for volume and biomass functions for Betula pendula by country and region: for details on the table and the

content please see explanations provided for Table S.4

Betula pendula Country Compartments DBH[cm]  Height [m] Origin No. Samples Age [a] References
North Europe Finland all 2.5-38.7 3.9-29.0 Finland 127 7-132 Repola 2008
Norway aboveground 0.0-36.0 1.3-24.0 Sweden 242 - Marklund 1988
roots 0.5-26.7 1.7-20.8 Sweden 14 7-59 Petersson and Stahl 2006
Central-West Europe Austria stem volume - - Austria - - Schieler 1988
branches 2.0-67.1 3.6-39.0 Austria 4213 35-125 Ledermann and Neumann 2006
foliage 0.8-57.0 2.6-39.6 Switzerland 91 14 -128 Burger 1949
roots 4.0-53.0 7.0-28.0 Germany 27 44 -127 Bolte et al. 2004
Belgium stem volume - - Belgium 329 - Dagnelie et al. 1985
branches 5.7-62.1 9.2-33.9 Czech Republic 20 40-114 Cienciala et al. 2005
foliage 2.0-33.0 3.5-225 Netherlands 38 8-59 Bartelink 1997
roots 3.0-38.0 7.0-29.0 Central Europe 48 21-160 Wutzler et al. 2008
France aboveground 4.8-90.7 - France 1222 - Vallet et al. 2006
Germany wood volume - - Germany - - Kublin 2002
foliage - - Finland - - Hytonen et al. 1995
Netherlands aboveground 0.8-13.7 2.3-199 Sweden 197 6-32 Johansson et al. 1999
Central-East Europe Czech Republic wood volume -54.0 -34.0 Czechoslovakia 1355 - Petras and Pajtik 1991
foliage, twigs 8.0-84.0 8.0-36.0 Czechoslovakia 285 - Petras et al. 1985
roots 3.0-20.0 9.9(mean) NE France 16 24 - 35 Le Goff and Ottorini 2001
Poland all 2.5-38.7 3.9-29.0 Finland 127 7-132 Repola 2008
Romania aboveground - - Romania 2341 - Giurgiu et al. 1985
South Europe Italy all 53-316 4.8-283 Italy 22 - Tabacchi et al. 2011
Spain all 9.9-21.0 12.6-26.2 NW Spain 16 - Diéguez-Aranda et al. 2009
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Abstract: Net primary production (NPP) is an important ecological metric for studying forest
ecosystems and their carbon sequestration, for assessing the potential supply of food or timber
and quantifying the impacts of climate change on ecosystems. The global MODIS NPP dataset
using the MOD17 algorithm provides valuable information for monitoring NPP at 1-km resolution.
Since coarse-resolution global climate data are used, the global dataset may contain uncertainties
for Europe. We used a 1-km daily gridded European climate data set with the MOD17 algorithm
to create the regional NPP dataset MODIS EURO. For evaluation of this new dataset, we compare
MODIS EURO with terrestrial driven NPP from analyzing and harmonizing forest inventory data
(NFI) from 196,434 plots in 12 European countries as well as the global MODIS NPP dataset for the
years 2000 to 2012. Comparing these three NPP datasets, we found that the global MODIS NPP
dataset differs from NFI NPP by 26%, while MODIS EURO only differs by 7%. MODIS EURO also
agrees with NFI NPP across scales (from continental, regional to country) and gradients (elevation,
location, tree age, dominant species, etc.). The agreement is particularly good for elevation, dominant
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species or tree height. This suggests that using improved climate data allows the MOD17 algorithm
to provide realistic NPP estimates for Europe. Local discrepancies between MODIS EURO and
NFI NPP can be related to differences in stand density due to forest management and the national
carbon estimation methods. With this study, we provide a consistent, temporally continuous and
spatially explicit productivity dataset for the years 2000 to 2012 on a 1-km resolution, which can
be used to assess climate change impacts on ecosystems or the potential biomass supply of the
European forests for an increasing bio-based economy. MODIS EURO data are made freely available
at ftp:/ /palantir.boku.ac.at/Public/ MODIS_EURO.

Keywords: NPP; bioeconomy; forest inventory; NFI; climate; carbon; biomass; downscaling;
increment; MOD17

1. Introduction

Net primary production (NPP), the difference between Gross Primary Production (GPP) and
plant autotrophic respiration, is the net carbon or biomass fixed by vegetation through photosynthesis.
NPP represents the allocation rate of photosynthetic products into plant biomass and can be used to
measure the quantity of goods provided to society by ecosystems [1-3]. NPP of forest ecosystems is
essential to estimate the potential supply of biomass for bioenergy, fiber and timber supply. NPP is
also a key variable to assess environmental change impacts on ecosystems [4] since any variation in the
growing conditions influences the carbon cycle due to changes in carbon uptake and/or respiration.
As interest grows in utilizing forests for a “bio-based economy” [5,6], more accurate and realistic
forest productivity estimates become increasingly important. In addition, competing forest ecosystem
services, such as biodiversity or and nature conservation, need to be considered to ensure sustainable
use of our forests and to avoid unsustainable over-exploitation of renewable resources.

Within the EU-28 160.9 million ha or 37.9% of the total land area are covered with forests [7]. These
forests provide resources for the timber industry, the energy sector (24.3% of the energy in the EU-28 is
generated from renewable sources of which 64.2% consists of forest biomass and waste [8]), but also
for non-timber ecosystem services such as clean air, water, biodiversity or protection against natural
hazards. Accurate and consistent forest information is a precondition for assessing the production and
harvesting potential of forest resources in Europe.

There are conceptually different data sources and methods to assess forest productivity like:

(i) The MODIS algorithm MOD17 uses remotely sensed satellite-data and climate data to predict
spatially and temporally continuous NPP and GPP (Gross Primary Production or carbon
assimilation) based on an ecophysiological modelling approach [2]. In addition to satellite
reflectance data and climate data, it requires the biophysical properties of land cover types,
which are stored in the Biome Property Look-Up Tables (BPLUT) [9].

(i)  National forest inventory data can be used to assess the timber volume stocks as well as volume
increment and removal, if repeated observations are available [10]. This terrestrial bottom-up
approach collects forest information by measuring sample plots arranged on a systematic
grid design across larger areas. In combination with biomass expansion factors or biomass
functions, volume or tree information can be converted into biomass or carbon estimates to
account for differences in wood densities, the carbon fraction and different allocation into
compartments [11,12].

(iii)  Flux towers record the gas-exchange in plant-atmosphere interactions [13], which can be used
to derive GPP from Net Ecosystem exchange (NEE). NEE is estimated using eddy covariance
data, climate measurements and other ancillary data [14].
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Net Primary Production (NPP) from (i) top-down satellite-driven MOD17 algorithm and
(if) bottom-up NPP estimates using terrestrial forest inventory data were compared in a pilot study for
Austria on national scale [15]. Top-down and bottom-up refer to the level of scaling of the primary
recorded information (for MOD17 1-km remote sensing products and for Terrestrial NPP single tree
observations). Our definition for top-down differs from traditional carbon cycle modelling [16]. This
study wants to extend and test this concept for Europe on a continental scale.

For this purpose, we obtain two wall-to-wall spatially-explicit and consistent MODIS NPP datasets
by acquiring the global dataset using global climate driver and by creating a regional dataset MODIS
EURO using 1-km European climate data. We evaluate these two datasets by comparing with the
NPP derived from forest inventory data from 12 European countries. We assess the reliability and
potential discrepancies of the MODIS satellite-driven top-down versus the terrestrial bottom-up NPP
estimates from continental to national scale and across different gradients like location, elevation or
stand density. This will provide a better understanding of the reliability of remote sensing based NPP
estimates, which could be used also for regions, where no terrestrial measurements are available.

2. Materials and Methods

We used two conceptually different methods to estimate NPP, (i) the MODIS NPP algorithm
MOD17 and (ii) terrestrial forest inventory data and tree carbon estimation methods. Both have
their respective strengths and weaknesses. MODIS NPP has the advantage of providing spatially
continuous estimates with a consistent methodology, which is important for any large-scale studies.
It incorporates biogeochemical principles in mechanistic modelling environment and the vegetation
feedback to climate conditions through changes in Leaf Area Index and absorbed radiation [17]. It
does not distinguish between different vegetation apart from general Land Cover types, has a coarse
spatial resolution and might not be able to represent specific local conditions due to its calibration to
global conditions. In contrast, terrestrial forest inventory NPP assesses the actual carbon allocation by
trees and captures local small-scale effects (e.g., site conditions, tree age or forest management) as well
as regional differences in estimating tree carbon [12,18]. It covers only the increment of trees assessed
by the inventory system and might not capture local specifics of litter fall and fine root turnover very
well, since broad model assumptions have to be used.

2.1. MODIS NPP

Since the year 2000, the MOD17 product provides spatially and temporally continuous NPP
estimates across the globe [17]. The algorithm behind uses the reflectance data from the sensor MODIS
(MODerate resolution Imaging Spectroradiometer) of the TERRA and AQUA satellites operated
by National Aeronautics and Space Administration of the United States (NASA). MOD17 provides
GPP and NPP estimates at a 1-km resolution [2,17] and incorporates basic biogeochemical principles
adopted from Biome-BGC [19]. It integrates a light use efficiency logic using remotely sensed vegetation
information to estimate GPP (Equation (1)) with a maintenance and growth respiration module to
derive NPP (Equation (2)).

GPP = LUEmax X frmin X fypd X 045 x SWyoq x FPAR 1)

NPP = GPP — Ry — Rg @)

LUEmax is the maximum light use efficiency, which get adjusted by frmin and fy,q to address
water stress due to low temperature (Tmin) and vapor pressure deficit (VPD). SWrad is short wave
solar radiation load, of which 45% is photosynthetically active. FPAR is the fraction of absorbed
photosynthetic active radiation. Ry is the maintenance respiration and is estimated using LAI (Leaf
Area Index), climate data and biome-specific parameters. Rg is the growth respiration and is estimated
to be approx. 25% of NPP. The complete algorithm is documented in [18] and more details are found
in the cited literature therein.
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The MOD17 algorithm requires climate data, FPAR and LAI (leaf area index) data as well as land
cover data, which is derived from MODIS reflectance data [20]. We obtained the global MODIS NPP
product (MOD17A3 Version 055) provided by the Numerical Terradynamic Simulation Group (NTSG)
at University of Montana available at ftp://ftp.ntsg.umt.edu/pub/MODIS/NTSG_Products/. This
data set (hereafter called MODIS GLOB) covers the period of 2000 to 2012, which is the time period
covered by our terrestrial data (see next chapter), and provides the annual NPP in gC- m~2- year™!.

The source of FPAR and LAI input is MODIS15 LAI/FPAR Collection 5, which was temporally
gap filled to close data gaps due to unfavorable atmospheric conditions such as cloudiness or heavy
aerosol presence [9]. For Land cover, we used the land cover product MOD12Q1 Version 4 Type 2 [21]
representing the conditions in year 2001.

Climate data are important input into the MODIS NPP algorithm and climate data have a strong
impact on the MODIS NPP results [15,22]. MODIS GLOB uses the global climate data set NCEP2 [23]
described in the following Section 2.2. In Europe, we have high quality daily climate data, the E-OBS
data set [24], which was recently downscaled to a 1-km resolution [25].

We next ran the MOD17 algorithm with the downscaled European climate data [25] and obtained
an additional MODIS NPP estimate for the period 2000-2012 (hereafter called MODIS EURO), which
differ from MODIS GLOB provided by NTSG only in the used daily climate input data. We used the
same FPAR, LAI and Land cover input, as used for the global NPP product, MODIS GLOB. MODIS
EURO covers our study region, the EU-28 including Norway, Switzerland and the Balkan states
(see Figure 1) and is made available under ftp://palantir.boku.ac.at/Public/MODIS_EURO.
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Figure 1. Our study region separated into four regions, countries with forest inventory data for
estimating terrestrial National Forest Inventory (NFI) Net Primary Production (NPP) are marked
with dots.

2.2. Climate Data

As outlined, the two MODIS NPP estimates, MODIS GLOB and MODIS EURO, differ only in the
daily climate data input: MODIS GLOB employs the global NCEP2 climate data set [23] and MODIS
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EURO uses European downscaled climate data [25]. We provide here a brief overview of the two
climate data sets.

The NCEP2 data set (NCEP-DOE Reanalysis 2) is a reanalyzed global daily climate data set with
a spatial resolution of 1.875° x 1.875°. This corresponds to approx. 220 km at the equator at latitude 0°
(approx. 136 x 220 km at latitude 50°). To compensate the coarse spatial resolution, for MODIS GLOB
the climate data for the 1 km MODIS pixels was deduced with an bilateral interpolation method based
on the neighboring NCEP2 pixels [9].

The downscaled climate data used for MODIS EURO provide daily climate data on a
0.0083° x 0.0083° resolution (approx. 1 x 1 km at the equator and approx. 0.6 x 1 km
at 50° latitude) [25]. This data set was developed out of the E-OBS gridded climate data set
(0.25° resolution, using data from 7852 climate stations) [24] in conjunction with the WorldClim
data set [26].

2.3. Terrestrial NFI NPP

Terrestrial forest data such as national forest inventory (NFI) data assess accumulated carbon on a
systematic grid using a permanent plot design. From repeated observations of diameter at breast height
(DBH) and/or tree height (H) in combination with biomass functions or biomass expansion factors the
carbon accumulation of trees is estimated. Since this method is based on single tree measurements
and local biomass studies, NPP derived from forest inventory data incorporates local effects such as
weather patterns, climate anomalies, stand age, differences in biomass allocation, site and soil effects
and different forest densities due to forest management [15,27].

We obtained 196,434 forest inventory plots covering 12 European countries. In Europe, each
country has its own National Forest Inventory (NFI) system, which all have different measurement
periods, sampling designs and methodologies [10] (Table S1 in the Supplementary Material). Thus, we
first had to develop a harmonized and consistent terrestrial dataset for estimating Terrestrial NPP. We
calculated NPP using the forest inventory data according to Equation (3).

NPP = CARBme + FR1o + Cir 3)

CARBc is the carbon increment of trees (gC- m~2- year_l). FRyg is the carbon used for fine
root turnover [28,29]. Fine root turnover FRtg is assumed to be equal to the carbon flow into litter
Crr [27,30]. Both processes are controlled by the same factors and the assumption of similarity
between the above- and belowground turnover of short-living plant organs is supported by recently
collected European data on fine root turnover [29] and litter fall [31]. Cyr is the flow of carbon into
litter (gC- m~2- year™!) estimated using a climate-sensitive and species-dependent model [31] and is
calculated as:

Broadleaf-dominated : Cip = CFexp(2.643 + 0.726 Ln(T + 10) + 0.181Ln(P)) 4)

Coniferous-dominated : Cip = CFexp(2.708 + 0.505Ln(T + 10) + 0.240Ln(P)) (5)

CF is the carbon fraction of dry biomass which is set equal to 0.5 [11]. T is the mean annual
temperature from the year 2000 to 2012 (°C). P is the mean annual precipitation 2000 to 2012 [mm]. For
temperature and precipitation we use the European climate data [25] to capture important small-scale
regional effects such as elevation or topography in a more realistic way. Equation (4) is applied for
all plots where broadleaf species contribute most to total basal area and Equation (5) is used for
coniferous-dominated plots (see Table S2 of the Supplementary Material).

We used data from nine National Forest Inventories (Austria, Czech Republic, Germany, France,
Finland, Norway, Poland, Romania, Spain), and three Regional Forest Inventories (Belgium, Estonia,
Italy). We grouped our 12 countries in four geographic regions, North Europe, Central-West Europe,
Central-East Europe and South Europe [7], to address the large environmental, elevational and climatic
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gradients in Europe. Countries within a region should have similar climatic and edaphic conditions
as well as similar tree allometries and allocation patterns [32]. The original locations of the inventory
plots were falsified to the nearest pixel of the MODIS grid to guarantee the locations of the plots remain
unknown. Temporal consistency with the MODIS data (available since year 2000) was ensured by
using only inventory data, which provide CARBinc (Equation (3)) for the time period 2000 to 2012.
Figure 1 shows our study region with the four geographic regions completely covered by MODIS
EURO, and the 12 countries, where we have NFI NPP.

Although all our terrestrial forest inventory data assess properties of trees, there are different
sampling methods and increment calculation by country in place, which may strongly affect the
resulting estimates [33,34]. Four different methods to estimate tree carbon increment CARByc are
used in our data: (1) repeated observations of fixed area plots (used in Norway, Poland, Belgium);
(2) repeated angle count sampling (for Austria, Germany, Finland); (3) increment cores (France,
Romania, Italy); as well as increment predictions from (4) tree growth models (Czech Republic, Estonia,
Italy). Tree growth model predictions were used if no increment observations, either from repeated
observations or from increment cores, were available.

In the Supplementary Material, we provide all details for our 12 inventory data sets, the
local sampling system, the available data and the used increment method (Table S1 in the
Supplementary Material).

The tree carbon results for determining carbon increment CARBnc (Equation (3)) were estimated
using the carbon calculation method applied by the local forest inventory organization and compiled
in [32]. Local biomass functions and biomass expansion factors were used to derive tree biomass and
carbon fractions to convert biomass into carbon. In the Supplementary Material, we provide a detailed
description on processing the NFI data, the tree carbon estimates and stand variables to describe the
represented forests (e.g., mean age, basal area or stand density index).

Using this methodology, we processed the forest inventory data from the 12 countries (Table S1)
and derived harmonized carbon stocks for all inventory plots. The forest inventory data set consists of
196.434 plots, harmonized across 12 European countries. We applied the carbon increment method for
each country and calculated NPP by inventory plot (hereafter called NFI NPP) using Equations (3)—(5).

2.4. Analysis of NPP Results

We thus have three NPP sources: two using the MOD17 algorithm with different daily climate
data: (i) MODIS GLOB produced by the Numerical Terradynamic Simulation Group (NTSG) at
University of Montana and (ii) MODIS EURO by running the original MOD17 algorithm and the
latest BPLUTs parametrized by [9] with downscaled daily climate data from Europe [25] as well as
(iii) Terrestrial NFI NPP using forest inventory data from the 12 countries (Table S1) and local carbon
estimation methods [32].

We compared the three NPP datasets across Europe, by our 4 regions (Figure 1) and the
12 countries to analyze our results across different spatial scaling. We extracted for each forest inventory
plot at the corresponding MODIS cell the average NPP from MODIS GLOB and MODIS EURO for
2000 to 2012. We next computed for all plots the difference between the two MODIS NPP estimates
and the Terrestrial NFI NPP (ANPPg o = MODIS GLOB minus NFI NPP and ANPPgyro = MODIS
EURO minus NFI NPP).

We used each NFI plot separately and did not compute average values for MODIS pixels. This
avoided smoothing effects due to different spacing between inventory grid points and the plot clusters
used in some countries (Table S1).

To analyze the effect of gradients on the NPP results, we collected potentially meaningful
meta-information such as plot location (Longitude and Latitude in WGS1984), Elevation (EU-DEM
30 m resolution), MODIS Land Cover type or forest characteristics (dominant tree species, mean
age, stand density, tree height, etc.) and analyzed patterns of ANPPgop and ANPPgyro across
these gradients.
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Terrestrial and remote sensing NPP estimates exhibited discrepancies in previous research [15,18]
and as explanation the authors suggested changes in stand density, which are commonly caused by
forest management and disturbances [15,18]. Since major parts of the forests in Europe are managed [7]
and affected by natural disturbances such as wind damage or forest fire [35], they should have
experienced changes in stand density as compared to unmanaged forests. Stand density directly affects
terrestrial NPP estimates by its impact on the development of DBH and H of the remaining trees after
forest management operations until canopy closure is reached. On the other hand MODIS NPP is
based on the “big leaf” concept and assumes a full coverage of forest area. We thus use Stand density
index (SDI) [36] in the analysis of our NPP estimates.

3. Results

NPP estimated using the MOD17 algorithm has the advantage of providing spatial- and
temporal-continuous NPP estimates across Europe on a 1-km resolution and Figure 2 illustrates
this by showing MODIS EURO for the years 2000 to 2012. Note that MODIS EURO also covers
not-forest land cover types such as crops, shrub- or grassland.
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Figure 2. MODIS EURO NPP on 1-km resolution representing average NPP for the period 2000-2012
using European daily climate data (available under ftp:/ /palantir.boku.ac.at/Public/MODIS_EURO).

Terrestrial NFI NPP is driven by forest information collected by field crews. Thus it provides NPP
and the carbon accumulation by forest stands during a certain time period. Table 1 gives a summary of
the forest inventory results by country, by region and the whole dataset, with the terrestrial NFI NPP
at the right side.
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Table 1. Summary of the forest inventory results: Number of plots with data, Time period covered by NFI NPP, Mean elevation (range Minimum-Maximum) in meter
above sea level (EU-DEM 30 m resolution). For the following plot statistics we provide mean and standard deviation: Mean quadratic DBH (cm), Mean Tree height
(m), Basal area at 1.3 m height (m2-ha—1), Stem number (ha—1), Tree carbon per hectare (gC- m—2), Median age class, SDI Stand Density Index [36] (for details on this
variables see Supplementary Material), NPP is the NFI Net primary production (gC- m~2- year~!) according to Equation (3), For Czech Republic we only have country
means. Empty cells (-) indicate that this variable is not available from the NFI data set. At the end of each section, statistics of the region are given and at the bottom of

the table summary statistics for whole Europe.

Region Countr Number of Time Mean Elevation Mean DBH Mean Tree Basal Area Stem Number Tree Carbon Median SDI NPP
& Y Plots Period (min-max) (m) (cm) Height (m) (m?-ha~1) (ha—?! (gC-m~2) Age (Years) (gC- m~2.year™ 1)

Estonia 19930 2000-2010 66 (2-275) 17+ 8 17+7 19+8 1540 + 2554 5240 + 2929 40-60 449 + 192 509 + 163
North Europe Finland 6442 2000-2008 141 (1-400) 18+7 14 +5 18 +8 3522 + 13251 4859 + 3020 40-60 400 + 236 446 + 173
P Norway 9562 2000-2009 391 (0-1253) 15+6 9+3 15 + 12 930 + 682 4003 + 3691 60-80 368 + 265 442 + 143
all 35379 2000-2010 161 (0-1253) 16+7 14+7 18+9 1736 + 5983 4856 + 3199 40-60 419 + 224 482 + 162
Austria 9562 2000-2009 912 (113-2299) 32+ 14 2147 32419 987 + 1070 10364 + 6973 60-80 688 + 396 681 + 251
Central-West Belgium 512 2009-2013 39 (2-278) 29 +12 18+6 30+ 13 660 + 446 11507 + 6475 40-60 648 + 279 671 + 195
Europe France 33152 2001-2011 444 (0-2707) 23 +11 15+7 23+15 778 + 602 8083 + 6457 60-80 512 + 298 649 + 254
Germany 5894 2000-2008 344 (—5-1879) 28 + 12 2247 31+ 14 833 + 814 11811 + 6371 60-80 628 + 302 754 + 185
all 49120 2000-2013 514 (—5-2707) 25+ 12 17 £ 8 25+ 17 824 + 749 9034 + 6698 60-80 564 + 328 667 + 253
Czech Rep. 13929 2001-2004 541 (138-1503) 25 20 33 812 17340 + 10858 60-80 809 + 441 643 + 266
Central-East Poland 17281 2005-2013 193 (—4-1459) 23+9 18 +5 29 + 14 883 + 614 10656 + 6623 40-60 612 + 263 720 + 288
Europe Romania 5509 2003-2011 542 (—1-1968) 24 +11 - 28 + 15 878 + 723 10355 + 7256 40-60 582 + 289 571 + 164
all 36719 2001-2013 443 (—4-1968) 23+ 10 18 +5 28 + 15 881 + 673 12376 + 8793 40-60 652 + 345 649 + 248
Italy 15183 2002-2009 860 (7-2891) 20+ 8 12 +4 22 4+13 839 + 636 6315 + 4897 2040 497 + 293 635 + 179
South Europe Spain 60033 20002008 842 (1-2549) 23+ 13 10 +4 13+11 491 + 516 4003 + 3918 40-60 288 + 246 606 + 293
all 75216 2000-2009 831 (1-2891) 22412 10 +4 15 + 12 561 + 560 4469 + 4237 40-60 330 + 269 578 + 275
All countries - 196434 - 548 (—5-2891) 22 +11 13+7 20 + 15 900 + 2646 7298 + 6916 40-60 469 + 325 597 + 252
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Our NFI dataset covers the full elevational and latitudinal range of forest conditions in Europe
including different site conditions, tree species, development stages or management practices. For
most countries we have more than 5000 inventory plots (exception: Belgium with 512 plots) and in
most cases a plot spacing of at least 4 by 4 km (Table S1). This dataset also provides information
on forest properties such as tree age, carbon stocks or stand density and Table 2 indicates that these
characteristics vary across Europe.

Table 2. NPP and ANPP (always using median) for the whole dataset (“All Countries”), for each country
separately and for each region (MODIS NPP using global climate data—MODIS GLOB; MODIS NPP
using local European climate data—MODIS EURO and NPP using forest inventory data—INFI NPP);
ANPP and Rel. ANPP both for MODIS GLOB and MODIS EURO. Positive differences indicate that
MODIS NPP overestimates NFI NPP and vice versa.

NPP and ANPP (gC- m~2- year™ 1) MODIS MODIS ANPP Rel. ANPP [%]
GLOB EURO NFI NPP GLOB EURO GLOB EURO
All Countries 680 577 539 141 38 26% 7%
Finland 471 399 414 57 -15 14% —4%
North Europe Norway 484 406 409 75 -3 18% —1%
P Estonia 534 504 492 42 12 9% 3%
all 519 479 461 58 18 13% 4%
Austria 739 612 634 105 —-22 17% —4%
Belgium 732 599 644 88 —45 14% —7%
Central-West Europe France 787 666 604 183 62 30% 10%
Germany 692 602 716 —24 —114 —3% —16%
all 759 645 615 144 30 23% 5%
Czech 696 618 553 143 65 26% 12%
Republic
Central-East Europe Poland 641 571 659 -19 —88 —3% —13%
Romania 713 562 565 148 -3 26% —1%
all 677 592 595 82 -3 14% —1%
Ttaly 862 657 635 227 22 36% 4%
South Europe Spain 632 555 503 129 52 26% 10%
all 691 584 519 172 65 33% 13%

3.1. NPP Estimates across Different Scales

Comparing all our three NPP estimates on a European scale allowed us to explore the general
behaviour and evaluate the agreement of the two remote sensing driven NPP products, MODIS GLOB
and MODIS EURO, with the terrestrial driven NFI NPP estimates (Figure 3).

Re-running the MOD17 algorithm with local climate data reduced the remotely sensed MODIS
NPP in terms of median, mean and variation as compared to the global climate driver (Figure 3). NFI
NPP is close to MODIS EURO regarding median and mean, but show larger variation. In addition,
Figure 3 confirms that our data is clearly right-skewed (NFI NPP in particular).

Zooming in and examining the different NPP estimates by ecoregion and country allowed us to
analyze our results on a higher spatial resolution and to assess local effects such as different regional
growing conditions, the impact of local biomass allometries or tree species composition [32] as well as
the potential effect of different forest management practices in Europe [7].

We provide in Table 2 the median NPP for the three NPP sources (MODIS GLOB, MODIS EURO
and NFI NPP) and the differences between MODIS and NFI NPP (ANPPg; og and ANPPgyro), both in
absolute values in gC-m~2- year ! and normalized in relation to NFI NPP (Rel. ANPPi in %). Results
are given in Table 2 for Europe, by country and for the four eco-regions [7].

At the European level, the MODIS GLOB gives an NPP of 680 gC- m~2- year~!, the MODIS EURO
resulted in 577 gC- m~2- year !, and the NPP from the NFI data exhibit a value of 539 gC- m~2- year~ .
The differences in NPP (ANPPg op) using the global dataset MODIS GLOB are larger than ANPPryro
using the regional dataset MODIS EURO (+26% vs. +7%). The same pattern is evident across all four
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regions and most countries. Only for Poland and Germany ANPPg; op is smaller than ANPPgyro.
ANPPG| op is positive for most countries (negative in only 2 countries), while the discrepancy of
MODIS EURO is more randomly distributed in Europe and the 4 regions (ANPPgyRro positive in
5 countries and negative for 7 countries). In addition, Table 2 shows that Rel. ANPPgyRro is smaller
than 10% for all countries except five (France, Germany, Czech Republic, Poland and Spain).
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Figure 3. Comparison of MODIS GLOB and MODIS EURO with NFI NPP: The box represent the
Median and the 25th and 75th percentile, the diamond give the arithmetic mean, the whiskers extend
to 1.5 of the interquartile range, values outside this range are indicated by circles, on the bottom the
number of values represented by the boxplots are given. The number of observations is different since
climate data is missing for certain pixels to compute MODIS NPP. To enhance the interpretability of the
image, NFI NPP results larger 2100 gC- m~2- year—! (445 observations) are not shown, but are included

in the boxplot.
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Figure 4. Comparison of MODIS EURO using European climate data and NFI NPP (MODIS GLOB vs.
NFI NPP in the subplot in the bottom-right corner), we present median by country, solid line is 1:1 line,
dashed line represents the linear trend of the 12 countries, Coefficient of determination R?, Residual
standard error (RSE) and the trend function are given.
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This suggests that the discrepancy between MODIS EURO and NFI NPP is smaller than for
MODIS GLOB and NFI NPP and we wanted to confirm this along the NPP gradient by showing the
country medians in Figure 4.

Figure 4 provides the results by country of the NPP estimates resulting from the NFI data
versus MODIS EURO with an R? 0.68, a residual standard error (RSE) of 52.0 gC- m~—2. year*1 or
9.7% of median of the NFI NPP. Aside from Germany and Poland MODIS EURO and NFI NPP are
similar across the NPP gradient for the analyzed countries. The results for MODIS GLOB in the right
corner exhibit consistent overestimation of NFI NPP, smaller agreement (R? =0.59) and larger error
(RSE 80.6 gC- m~—2- year ! equal 15.0% of median NFI NPP).

We used in Figure 4 the aggregated NPP of all inventory plots of one country, since the spatial
coverage and thus the error structure of the two NPP sources are very different (one MODIS pixel
covering 1 km? or 100 ha and the size of an NFI plot ranging from approx. 0.01 to 0.2 ha; Table S1).
A direct plot-to-pixel comparison is provided in Figure S1 in the Supplementary Material.

3.2. NPP across Elevational, Latitudinal and Longitudinal Gradients

From Figures 3 and 4 as well as Table 2, we can see that the top-down MODIS EURO NPP
estimates are consistent with the bottom-up terrestrial driven forest inventory NPP estimates at the
European, regional and country level. Next, we investigated whether any patterns across gradients
between MODIS EURO and NFI NPP may exist. For this purpose, we showed here ANPPgyro for
selected gradients, Elevation, Latitude and Longitude. We chose these gradients, since they have a
strong effect on environmental and climatic conditions such as growing season length or weather
patterns, but also on tree allometries and species composition, and are irrespective of country borders.

We aggregated our results into classes to increase the readability and show Figure 5 the results for
whole Europe (results on the different regions are available in Figures S2-S5 in the Supplementary
Material). Images for additional gradients like tree age, tree height, MODIS land cover and dominant
tree species are provided in Figures S6-59 in the Supplementary Material.
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Figure 5. NPP Difference (ANPP) MODIS EURO minus NFI NPP by Elevation classes (a), by Latitude
(b) and by Longitude (c), properties of illustration analogous to Figure 3, on the top the number of
values represented by the boxplots are given.

Grouping by elevation in Figure 5a does not indicate striking differences and shows, that the
agreement between MODIS EURO and NFI NPP is consistent across the elevational gradients. At
certain latitude and longitude classes however local discrepancies exist, which may correspond to the
findings in Table 2 and Figure 4.

3.3. Stand Density Effects

We analyzed ANPPgyro (differences in NPP between MODIS EURO versus NFI NPP) by SDI
(Stand Density Index [36] calculated with Equation (S10) in the Supplementary Material) for all of
Europe (Figure 6).

Europe
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Figure 6. NPP Difference (ANPP) MODIS EURO minus NFI NPP by Stand Density Index classes (SDI),
for details see Figure 5.

ANPP shows in Figure 6 a significant trend by stand density index SDI (using linear regression;
R 0.31; ANPP =103.1 — 0.247 x SDL p < 0.001), which confirms that differences in stand density have
an effect in our data from the 12 European countries. MODIS EURO NPP estimates are higher than
NFI NPP at low SDI classes, while at intermediate SDI classes no discrepancies are evident (Figure 6).
At high SDI classes MODIS EURO are lower than NFI NPP.

We analyzed the effect of SDI for each country, since SDI could be an explanation for the
discrepancies visible in Table 2, Figures 4 and 5. Local effects of forest management intensity,
disturbances or differences in the local inventory data design and methodology (Table S1) could
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lead to differences in SDI. We performed similar graphical analysis as shown in Figure 6 for each
country and present here as examples two “extreme” countries: (i) France—positive ANPP +10%, with
MODIS EURO overestimating NFI NPP; and (ii) Germany—negative ANPP —16%, where MODIS
EURO underestimates NFI NPP.

For France, MODIS EURO and NFI NPP results agree at high stand density and show
discrepancies at low stand density (Figure 7a). Apparently, MODIS EURO does well in capturing the
NPP of stands with high densities, but does not agree with NFI NPP from very open stands. The same
patterns are also visible for other countries, where MODIS EURO overestimates NFI NPP such as
Spain or Czech Republic (not shown).
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Figure 7. NPP Difference (ANPP) MODIS EURO minus NFI NPP by Stand Density Index classes (SDI)
for selected countries: France (a)—MODIS EURO overestimates NFI NPP (on average positive ANPP)
and Germany (b)—MODIS EURO underestimates NFI NPP (on average negative ANPP), for details
see Figure 5.

For Germany on the other hand, MODIS EURO and NFI NPP are similar at low stand density
classes, but show increasing deviations with increasing stand densities (Figure 7b). We see the same
result for other countries as well, where MODIS EURO underestimates NFI NPP such as Poland (not
shown). This may be seen as an indication that besides stand density an additional driver might cause
discrepancies between MODIS EURO versus terrestrial NFI NPP.
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4. Discussion

Top-down satellite driven MODIS NPP (Net Primary Production) estimates using local European
daily climate data (MODIS EURO) exhibit smaller differences from the bottom-up terrestrial forest
inventory NFI NPP estimates (Table 1) than the original MODIS GLOB estimates using global climate
data (Figure 3; Table 2). This confirms that the output from the climate sensitive MOD17 algorithm
can be substantially improved by using enhanced daily climate data [22] and supports the findings
of the pilot study in Austria [15] by extending the focus to a continental scope. The local European
daily climate data [25] used for MODIS EURO reduced across scales from continental (Figure 3)
to national scale (Figure 4) substantially the differences between NPP using the MOD17 algorithm
and terrestrial forest inventory data (Table 2). Both NPP estimates are also consistent across various
gradients (elevation, latitude and longitude in Figure 5 and tree age, tree height, MODIS Land cover
type and dominant species in Figures S56-59).

In this study we evaluated MODIS EURO in comparison to the global MODIS NPP dataset [17]
using our terrestrial NFI NPP. The specific methodologies and differences of our forest inventory data
sets (Table S1) and missing information on fine roots and litter fall do not permit a proper validation of
NPP. Since the forest inventory data was collected with a different purpose [10], it contains a different
error structure due to the small sample plot size and large grid spacing (one or very few plots within a
MODIS pixel) as compared to the continuous 1-km MODIS grid.

The large variations and local discrepancies apparent in this study (Figure 3; Table 2) are also
reflected in a study on evaluating NPP and GPP (Gross Primary Production) from the MOD17 algorithm
for North and South America [37]. While the authors reported no general bias in the MODIS NPP
product, they found over- as well underestimation especially for certain locations and forest biomes of
more than 30%. This study shows that in Europe discrepancies between MODIS EURO and terrestrial
NFI NPP exceeds 10% in three out of twelve countries (Table 2).

This study improves the knowledge on explaining discrepancies between remote sensing and
terrestrial NPP estimates by highlighting the effect of stand density index (SDI). Forests with
stand density of 200 or lower are expected to have gaps, canopy cover below 100% and low
competition between trees. Under such conditions the NFI NPP is substantial lower than MODIS
NPP (Figures 6 and 7). This can be explained that at low stand density a substantial share of NPP is
undetected by the forest inventory system (gaps filled with young trees or shrubs below diameter
threshold), while MODIS NPP is able to capture these gaps via leaf area index provided by the
satellite [15]. Figure S10 in Supplementary Material confirms that the stand density related trend of
ANPP in Figures 6 and 7 is mainly caused by NFI NPP, which shows a stronger increase with SDI than
MODIS NPP.

Since we tested this effect with MODIS GLOB as well, we can conclude that any MODIS
productivity estimates irrespective from the used climate input cannot detect such important effects
adequately. The relatively large pixel size of 1-km apparently does not allow MODIS NPP to capture
small scale patterns such as clear-cuts, thinning operations or disturbance events, while a forest
inventory can detect them better. This confirms the findings of the pilot study in Austria [15] and
indicates that differences in stand density needs consideration also on the much larger European scale.

MODIS EURO agrees very well with NFI NPP at average stand densities (Figure 6). This could be
explained with the calibration of the BPLUT tables used in the MOD17 algorithm [9] using large-scale
global terrestrial NPP data [27]. The calibration data most likely represents average forest conditions
and may not capture very open or very dense forests adequately. The NFI NPP on the one hand
represents the conditions of the (small) area covered by an inventory plot, while MODIS NPP provides
a smoothed average NPP of a 1-km pixel. A consistent stand density map at 1-km resolution would be
needed to test this hypothesis.

But NFI NPP estimates capture not only differences in stand density and forest management,
they are also strongly influenced by local tree allometries and local carbon estimation methods [38].
For Germany, stand density cannot explain the observed discrepancies satisfactory in Figure 7b.
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In fact the results are quite different compared to whole Europe (Figure 6), France (Figure 7a) or
our pilot study [15]. Germany is planning to modify the currently used tree biomass estimation
methodology [39] which is used in this study, for future carbon assessments. Following reanalysis of
existing data [40] and collection and analysis of new sample data [41], improved biomass functions
were developed for Germany [42]. This new updated methodology results in approx. 5% lower
aboveground biomass estimates. Thus future German NFI NPP estimates will be lower as well, which
will most likely reduce the gap between MODIS and NFI NPP observed for this country in this study.
This suggests that, interpretation of discrepancies between NPP estimates needs consideration of the
tree carbon estimation methods, since they directly affect increment estimates.

However, there might be other potential drivers leading to inconsistencies both in MODIS EURO
and NFI NPP, that could be analyzed in future studies.

Concerning NFI NPP, few countries do not consider adequately the contribution of small trees
to the NPP of a forest, either by not considering the ingrowth of small trees [33] or a particular large
diameter threshold in some countries (Table S1). This could explain, why in Spain and France MODIS
EURO is higher than NFI NPP, as we were not able to include ingrowth here and thus the French and
the Spanish NFI NPP estimates might not represent the NPP of their forests sufficiently.

The accuracy of the litter fall and fine root estimates for NFI NPP (Equations (3)—(5) need further
research as well. The litter fall models used in this study were derived in a meta-analysis using
Eurasian litter fall data [31]. They have substantial variation in the used input data and might contain
potential inaccuracy, when applied in certain regions. In addition, the estimates for litter fall and fine
roots are driven by the same climate data than MODIS EURO. Although the specific climate input
differs (periodic average climate used in Equations (4) and (5) for NFI NPP versus daily maximum,
minimum temperature and precipitation used in MOD17), it cannot be ruled out yet that the climate
source explains the better match of MODIS EURO and NFI NPP. Thus, the performance of the currently
used approach and alternative options for instance by using Foliage mass and Leaf longevity [43]
needs to be tested using European litter fall data.

Potential errors in the MODIS EURO product could involve wrong classification of forest biomes
by MODIS Land cover [44], limitations of the global parameters of the MOD17 algorithm capturing
European forest conditions (see discrepancies in NPP for evergreen broadleaf forests in Figure S3),
mismatches in LAI and FPAR by region or forest fragmentation [45].

5. Conclusions

In this study we created a regional Net Primary Production (NPP) dataset by running the MOD17
algorithm with local European climate data on 1-km resolution for the years 2000 to 2012 (MODIS
EURO). We additionally obtained the global MODIS NPP product (MODIS GLOB) and evaluated the
two MODIS NPP datasets with bottom-up forest inventory driven NPP (NFI NPP). We thus compared
two conceptually different methods for assessing forest productivity across Europe, and test whether
local climate data enhances the ability of the MOD17 algorithm to capture European forest conditions.

Running the MOD17 algorithm with local daily climate data substantially improves the quality of
MODIS satellite-driven NPP across Europe as compared to the global NPP product (MODIS GLOB).
Top-down satellite-driven MODIS EURO and bottom-up NFI NPP agree by regions and by countries,
across gradients by longitude, latitude and elevation, if potential discrepancies by stand density due to
forest management or the used carbon estimation methods are addressed.

This newly created MODIS EURO dataset is a consistent, continuous, spatial and temporal explicit
forest productivity measure of the European forest area providing realistic estimates, which compare
well with forest inventory information. This is important since reliable wall-to-wall forest productivity
estimates are increasingly important for the growing bio-economy or for increasing our knowledge on
other forest ecosystem services such as carbon sequestration.

As long as the MODIS program (based on Satellite “Terra” launched in 1999 and “Aqua” in 2002)
is operational and local climate data is available, we can obtain reliable large-scale forest productivity
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measures for European forests. Since the lifetime of the satellites carrying the MODIS sensor is
unknown, we strongly suggest the implementation and testing of this concept in the upcoming
European satellite technologies such as the Copernicus Programme to ensure consistent and realistic
productivity estimates also in the future.

MODIS EURO data are made freely available for 2000 until 2012 under ftp://palantir.boku.ac.at/
Public/MODIS_EURO.

Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/8/7/554/s1,
Table S1: Summary of the properties of the different forest inventory datasets, Table S2: Tree species groups
used in this study, description and selected tree species, Figure S1: Direct pixel-to-plot comparison of MODIS
EURO and NFI NPP, Figure S2: For North Europe ANPP grouped by Elevation, Latitude and Longitude, Figure S3:
For Central-West Europe ANPP grouped by Elevation, Latitude and Longitude, Figure S4: For Central-East Europe
ANPP grouped by Elevation, Latitude and Longitude, Figure S5: For South Europe ANPP grouped by Elevation,
Latitude and Longitude, Figure S6: Difference ANPP grouped by age classes, Figure S7: Difference ANPP grouped
by tree height classes, Figure S8: Difference ANPP grouped by MODIS Land cover types, Figure S9: Difference
ANPP grouped by dominant species, Figure S10: MODIS EURO and NFI NPP by Stand density Index (SDI) classes.
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This supplement provides additional information on the 12 forest inventory datasets (Table S1), it
documents the methodology for estimating carbon increment (Equations (51)—(54)) and carbon stocks
using forest inventory data (Equation (55)) as well how auxiliary information were derived using forest
inventory data (Tables S2 and S3 and Equations (S6)-(S10)). We also provide as Supplementary Results
additional images to complement the publication (Figures S1-510).

1. Supplementary Methods and Analysis

Forest inventory data from 12 European countries is used (Table S1), which have varying sampling
technique as well as inventory design [1]. 8 countries use Fixed Area plots (Belgium, Czech Republic,
France, Italy, Norway, Poland, Romania, Spain), 3 countries Angle Count Sampling plots or Bitterlich
sampling (Austria, Germany and Finland) and 1 country a stand-wise survey system or taxation
(Estonia).

The plot area for the Fixed area plot ranges between 12.6 and 1963.5 m? and the basal area factor
for the angle count sampling between 1.5 and 4. 6 countries have their plots arranged in clusters with
2-18 plots per cluster, while 5 countries have single plots. The grid distance between the clusters/single
plots range from 0.5 to 11 km. Due to the different spacing, the area covered by the inventory system
and the relative forest cover the number of plots on forest vary from 2495 (Belgium) to 69853 (Spain).

Most inventory systems employ a minimum diameter threshold (usually 5 or 7 cm). The inventory
data thus covers only trees bigger than the threshold. Only Estonia and Finland assess all trees that
reach breast height of 1.3 m (DBH threshold of 0 cm).

Our data cover the following 4 methods to estimate tree carbon increment CARBc: (1) repeated
observations of fixed area plots (FPM) and (2) repeated angle count sampling (ACM); (3) increment
cores (COR); and increment predictions from (4) tree growth models (MOD). Tree growth model
predictions were used if no increment observations, neither from repeated observations nor from
increment cores, were available.

6 countries provided repeated observations from two consecutive inventory measurements using
a permanent plot design (Table S1) and we were able to estimate two subsequent tree carbon stocks for
each inventory plot. After accounting for mortality and harvesting, the difference between the carbon
stock estimates divided by the inventory measurement interval is the tree carbon increment [2].

3 countries with repeated observation (Belgium, Norway, and Poland) have fixed area plots so we
used the Fixed area Plot Method (FPM). The remaining countries (Austria, Finland, and Germany) use
angle count sampling [3] and we used the Angle Count Method (ACM) [4].

For countries without repeated observations, we applied the CORe method for France, Romania
and the region Sicily in Italy, since diameter increment rates from increment cores were available [5], or
employed empirical forest growth models (MOD) to estimate increment rates [6] for countries without
increment cores (Estonia, Czech Republic, Spain and the regions Trento and Piemonte in Italy).
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Table S1. Summary of the properties of the different forest inventory datasets, Sampling system ACS (Angle Count Sampling), FAP (Fixed Area Plots), k (Basal area factor)

only for countries with ACS and Plot area only for FAP, Plot layout (single plots or cluster of plots), Grid distance between clusters/plots, Min. DBH is diameter threshold

for sample trees (inventory covers only trees bigger than threshold), availability of repeated observations, time period covered (period 2 only for countries with repeated

observations).
Number  Sampling Plot Grid Distance Min.DBH Repeated Increment . .
t k (m>ha? Plot A 2 P 1 P 2 Ref
Country of Plots System tm*ha’) ot Area () Layout (km) (cm) Observations? Method eriod eriod eherence
Austria 9562 ACS 4 21.2 clusters of 3.889 x 3.889 5 yes ACM 2000-2002  2007-2009 7]
(FAP) 4 plots
Belgium 2495 FAP - Seircles: 63.6, ;e plot 1x05 7 FPM 1996-1999  2009-2013 (8]
cei 2545and 1017.9  SEC PO ' yes
Czechb 13929 FAP ) 2 circles: 28.3 clusters of 22 7 no MOD 2001-2004 _ 9]
Republic and 500 2 plots
Estonia 19930 Taxation - - - - 0 no MOD 2000-2010 - [10]
clusters of
2 h — h T
Finland 6442 ACS (south) - 14t018 6-8 (south) 0 yes ACM 1996-2003  2004-2008 omppo and
1.5 (north) 6-11 (north) Tuomainen in [1]
plots
France 33152 FAP - 3 Clrcalf; ;32' 25 Gingle plots 2x2 7.48 no COR 2006-2011 - Nikolas et al. in [1]
clusters of 4 x 4 (2000-2002)
1 Al 4 - 7 A 2000-2002 2 11
Germany 6153 (& 4 plots 8 x 8 (2008) yes CM 000-200 008 [11]
Italy 2 circles: 12.6 .
(Sicily) 1270 FAP - and 132.7 single plots 0.5x0.5 4.5 no COR 2009 - [12]
taly 150 FAP - 1circle: 600 single plots 1x1 25 no MOD 2003 - [13]
(Trento)
Italy 1 circle: .
137. FAP - le pl . . 7. D 2002 - 14
(Piemonte) 3750 50.3-176.7 single plots 0.5x0.5 5 no MO 00 [14]
Norway 9200 FAP - 250 single plots 3x3 5 yes FPM 2000-2004 2005-2009 Tomter et al. in [1]
Poland 17281 FAP . 200, 400 or 500 d“;irtsof > 4x4 7 yes FPM 2005-2008  2010-2013 [15,16]
2 circles: 2! 1 f 4 4 x4 i
Romania 5509 FAP y circles: 200 and  cluster o * 4 (mountains) 56 no COR 2008-2012 - Marin et al. in [1]
500 plots 2 x 2 (lowlands)
4 circles: 78.5,
Spain 60033 FAP - 314.2,706.9 and  single plots 1x1 7.5 no MOD 2000-2008 - Alberdi et al. in [1]

1963.5
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2. Fixed Area Plot Method (FPM)

Three countries (Belgium, Norway, Poland) have fixed area plots and repeated observations and
the fixed area plot method is used [4].
Carbon increment using the fixed area plot method is derived according to Equation (S1).

CARBine = (Cz2 = C1 + Crort + Charv)/time (S1)

CARBinc is carbon increment of trees (gC-m=2-year™), C1 and Cz are the sum of carbon estimates
at time 1 and 2 (Table 51), Cmort is the sum of carbon of trees that died between the two inventory
measurements and Chav the carbon of trees that were harvested and removed between the
measurements. time is the duration of the period between the two inventory measurements [years].
The carbon estimates Ci (gC-m™) are estimated using the tree carbon estimation methods.

3. Angle Count Sampling Method (ACM)

Three countries (Austria, Finland and Germany) have angle count sample plots and repeated
observations. Deriving increment using inventory data collected with the angle count sampling
technique can be done with three methods: the difference method, the starting value method or the
end value method. All methods deliver unbiased results, with starting value method and end value
method having the lowest error [4]. We selected the same increment calculation method then the local
forest inventory organizations. The general equation is given in Equation (52).

CARBINc = incsurvivors + inCingrowth (SZ)

incsurvivors is carbon of survivor trees (present at both inventory measurements) and incingrowth is
increment of ingrowth trees (present only at the second measurement) all in (gC-m2year™). For
Austria the starting value method is used [17]. Finland we use the starting value method as well.
Since the NFI in Finland do not have a diameter threshold for selecting sample trees (Table S1),
estimating incCingrowth is not necessary. In Germany the end value method is used [4]. The required
information of previous dimension of sample trees is obtained using DBH- and age-dependent
growth functions [18].

4. Core Method (COR)

For France, Romania and the Italian region of Sicily the core method is used [6,19]. For this
method in principle, diameter increment from increment cores [5] are used to determine the tree
dimensions in the past. From diameter increment the volume increment of single trees is derived.
Multiplying with an expansion factor and adding the single tree results per plot provide carbon
increment (Equations (S3) and (54)).

CARBine =Y. VOLine * EF (S3)
EF = CARBree/VOL (54)

With VOLic volume increment (m*ha'-year'), EF Expansion factor for deriving carbon
(gC-m-3), CARBrree total tree carbon [gC] and VOL tree volume (m?) (see following section).

Due to differences in the available data the method differs by country. For Sicily VOLc is
already provided by the Regional forest inventory of Sicily and we only have to multiply with
expansion factor EF to derive carbon increment (Equation (S3)).

For France and Romania historic diameter was reconstructed using increment cores. By applying
the carbon calculation methods (see following section) using the current and historic dimensions of
trees we are able to calculate two estimates of carbon stock. Carbon increment is derived as the
difference of the two carbon stock estimates (analogous to Equation (S1)).
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5. Increment Models (MOD)

For Czech Republic, Estonia, Spain and the Italian provinces Trento and Piemonte we employ
empirical increment models.

In Spain volume increment on tree level is already provided in the database of the Spanish NFI
(http://www.magrama.gob.es/es/biodiversidad/servicios/banco-datos-naturaleza/informacion-
disponible/ifn3.aspx). It is estimated using species-, DBH- and height-dependent regression models.
Carbon increment is derived using expansion factors, similar as in Equations (S3) and (54).

In Czech Republic the development of diameter and height is calculated using Korf functions
[20] fitted using NFI data. Stem number development is estimated using Reineke’s rule [21]. These
stand variables are estimated for year 2010 and allow estimating carbon stocks for this year. The
Carbon increment is calculated as the difference of the two carbon stock estimates.

In Estonia volume increment on stand level is derived with empirical models dependent on
stand age, tree species, bonity (site index) and density [10]. Carbon increment is estimated according
to Equation (S3) using expansion factor derived from carbon calculation methods (see following
section).

In Italy (Trento and Piemonte) we estimate increment on stand level with an empirical model
that is dependent on species, growing stock and mean height [22]. Again by applying Equation (S3)
and expansion factors EF derived from carbon calculation methods we obtain carbon increment.

6. Tree Carbon Estimation

Carbon estimates are needed for the carbon increment estimates and are derived using the
country-specific calculation method employed by the local forest inventory organization and
documented in a comprehensive volume [23]. In Czech Republic, we use a similar but slightly
different method, since the method used by the local forest inventory organization is not reproducible
and not available in published form.

Tree carbon is the sum of the biomass in the compartments stem, branches, foliage and coarse
roots multiplied with the carbon fraction factor (Equation (S5)).

CARBrree = (BMsrtem + BMBranct + BMrouiace + BMroor) * CF (S5)

CARB=ee is total carbon of a tree [kg], BMstem biomass of stem, all biomass compartments in
(kg), BMBrancH biomass of branches, BMroLiace biomass of foliage, BMroor biomass of roots, CF the
carbon fraction to convert biomass into carbon (kg/kg). The biomass calculation methods and carbon
fraction CF for 5 important European tree species (Fagus sylvatica, Quercus robur/Q. petraea, Betula sp.,
Picea abies and Pinus sylvestris) are described in detail in [23]. For all other species a separate carbon
calculation method is used or the method from another similar species is applied according to the
methodology of the local forest inventory organizations.

Volume required in Equation (S4) is estimated using local volume functions.

7. Stand Variables

Using the forest inventory data several stand variables at plot level are derived to describe the
stand characteristics for Table 1 and for Figures S6-510: Basal area, Stem number, Mean diameter,
Mean height, Stand density index, Dominant species and Mean Age.

Basal area is the sum of basal area of all trees on a sample plot

BA = ¥(DBH?2/40,000 7 nrep) (S6)

With BA basal area per hectare (m*ha), DBH diameter at breast height [cm], nrep the
represented stem number by a given tree [/], for Fixed Area plots calculated according Equation (56),
for Angle count sample plots according Equation (57).

nrep = 10,000/Aplot (57)
nrep =4 k/(DBH? m) (S8)
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With DBH [m], k basal area factor of an angle count sample (m>ha-), Aplot the size of a sample
plot (m?) (see Table S1) and nrep is the represented stem number of a single tree (ha™).

Stem number NHA is the sum of nrep for all trees on a plot per hectare.

Mean quadratic diameter DG is derived using basal area and stem number and represents the
mean diameter weighted by the basal area of each single tree.

DG = (4 BA/NHA/m)05 (S9)
Stand density index [21] is a measure of stand density and competition.
SDI = NHA (DG/25)1.60 (510)

Dominant species is the tree species that contributes most to the plots basal area. For the sake of
clarity and comparability we aggregate the original tree species provided by the NFI into 7 tree
species groups (TSG) according to their leaf shedding and growth behaviour. TSG 1 to 3 cover
coniferous species and TSG 4 to 7 broadleaf species (Table S2).

Table S2. Tree species groups (TSG) used in this study, description and selected tree species.

TSG  Description Selected Species Included Therein

1 Light demanding conifers Pinus sylvestris, P. nigra, P. cembra, P. radiata, Larix sp.

2 Shade tolerant conifers Picea sp., Pseudotsuga sp., Abies sp.

3 Mediterranean conifers Cupressus sp., Pinus pinea, Pinus sp. not included in TSG 1

4 Fast growing deciduous Betula sp., Populus sp., Alnus sp., Salix sp., Robinia sp., Eucalyptus sp.

Light demanding, slow growing

5 deciduous Quercus robur, Q. petreae, Fraxinus sp., Castanea sp.
6 Shade tolerant, slow growing deciduous Fagus sp., Tilia sp., Ulmus sp., Acer sp., Carpinus sp.
7 Evergreen broadleaf Olea europea or Quercus sp. not included in TSG 6

Some forest inventories provide tree age estimates on stand level, while others give age estimates
for single trees. Either age classes (e.g., 21-40 years) or discrete values (e.g., 34 years) are given. To
harmonize the age estimates, we use 8 consistent age classes (0-20 years, 2140, 41-60, ... 121-140,
>140). If a forest inventory dataset provided age estimates for single trees, we calculated the mean
age and then classified the plots according to the 8 age classes.

8. Supplementary Results and Analysis

We provide here additional images not presented in the paper.

Figure S1 provide a direct pixel-to-plot comparison of MODIS EURO and NFI NPP for each
inventory plot along with statistics analogue to Figure 4 showing the country median NPP.

Figures 52-55 show for the four regions (North Europe. Central-West Europe, Central-East
Europe and South Europe) the effect of Elevation, Latitude and Longitude on the NPP discrepancy
ANPP between MODIS EURO and NFI NPP.

Figures S6-S9 show NPP discrepancy ANPP for both MODIS NPP sources, MODIS GLOB using
global climate data [24] and MODIS EURO using local European climate data [25] for tree age, tree
height, MODIS Land cover type and Dominant species.

Figure S10 show the effect of Stand density Index (SDI) [21] on MODIS EURO and on NFI NPP
separately. This image suggests that the pattern in Figure 6 is mainly due to NFI NPP, which is more
affected by SDI than MODIS EURO.
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Figure S1. Direct pixel-to-plot comparison of MODIS EURO using European climate data and NFI

NPP, solid line is 1:1 line, dashed line represents the linear trend of the 12 countries, Coefficient of
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Figure S2. NPP Difference (ANPP) MODIS EURO minus NFI NPP for North Europe by Elevation
classes (a), by Latitude (b) and by Longitude (c), the box represent the Median and the 25th and 75th
percentile, the whiskers extent to 1.5 of the interquartile range, values outside this range are indicated

by dots, on the top the number of values represented by the boxplots are given.



Remote Sens. 2016, 8, 554, d0i:10.3390/rs8070554 S7 of S14

. Central West Europe
g n=21546  n=10413 n=6235 n=3413 n=1091 n=182
- =]
o
T 84 4 ! ! B e
e o : : l : | N
e [ e e
g o | T i 1 T i
= — el : : .
& g | ! i i ! | iy
8 T+ T T T+ T
g | (a) 3
) I I
<400 400-800  800-1200  1200-1600 1600-2000 > 2000
Elevation [m-m]
()]
8 n=0 n=10273 n=30448  n=2161 n=0 n=0 n=0
P8 L T+
j% — |
= ” Beal=
o = i
S g ' |
= W .
g |() T
v I I | | I T |
<40°  40-45° 45-50° 5D-565° 65-60° GB0-65"  »G65°
Latitude [*-°]
[on]
2 n=0 n=3595 n=17530 n=11188 n=7028  n=3541 n=0
® o —— 2
£ BT T = T
E i . - | !
(=] = [ 1 1 =% '
= . i i L1
& o | | | ; i
2 B ! .
-1 i I
g |© I T T [
i T I | |
<-5° 5-0° 0-5° 5-10° 10-15°" 15-20° = 20°

Longitude [*-°]
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Figure S2.
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Figure S4. NPP Difference (ANPP) MODIS EURO minus NFI NPP for Central-East Europe by
Elevation classes (a); by Latitude (b) and by Longitude (c), Properties of illustration analogous to
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Figure S10. NPP estimates by Stand density Index: MODIS EURO (a) and NFI NPP (b) (SDI) classes
[21]. Properties analogous to Figure S2.
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