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Introduction

Summary

o Attempts to combine biometric and eddy-covariance (EC) quantifications of carbon alloca-
tion to different storage pools in forests have been inconsistent and variably successful in the
past.

e We assessed above-ground biomass changes at five long-term EC forest stations based on
tree-ring width and wood density measurements, together with multiple allometric models.
Measurements were validated with site-specific biomass estimates and compared with the
sum of monthly CO, fluxes between 1997 and 2009.

e Biometric measurements and seasonal net ecosystem productivity (NEP) proved largely
compatible and suggested that carbon sequestered between January and July is mainly used
for volume increase, whereas that taken up between August and September supports a com-
bination of cell wall thickening and storage. The inter-annual variability in above-ground
woody carbon uptake was significantly linked with wood production at the sites, ranging
between 110 and 370 gCm~2yr~", thereby accounting for 10-25% of gross primary pro-
ductivity (GPP), 15-32% of terrestrial ecosystem respiration (TER) and 25-80% of NEP.

e The observed seasonal partitioning of carbon used to support different wood formation
processes refines our knowledge on the dynamics and magnitude of carbon allocation in
forests across the major European climatic zones. It may thus contribute, for example, to
improved vegetation model parameterization and provides an enhanced framework to link
tree-ring parameters with EC measurements.

(i.e. masting years in broadleaf species; Mund ez al., 2010). These
mechanisms form a complex set of drivers for carbon allocation,

Forest growth ranks amongst the most important processes that
determine the carbon balance of terrestrial ecosystems. The mag-
nitude and dynamics of the forest carbon sink strongly depend
on carbon allocation to different storage pools (Litton etal.,
2007) and their responses to key determinants, such as climate
(Babst eral, 2013), land use change (Kaplan ezal, 2012), tree
age (Genet eral., 2010), forest disturbances (Kurz ezal., 2008;
Amiro ez al., 2010), management practices (Kowalski ez a/., 2004;
Fahey eral., 2009), nutrient and light competition (Wolf ezal.,
2011; Sardans & Penuelas, 2013) and intensive seed production
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which is still relatively poorly understood at large scales (Briigge-
mann ez al., 2011). In particular, the mechanisms linking photo-
synthesis and carbon storage with above- and below-ground tree
growth and ecosystem respiration remain uncertain (Kuptz ez al.,
2011). In this regard, integrative studies are needed to better con-
strain the amount of CO, captured by different forest carbon
pools, and to determine how these pools interact and vary across
different spatiotemporal scales.

Since pioneer measurements of turbulent fluxes over tall vege-
tation, eddy-covariance (EC) has been widely used as a standard
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method for the estimation of seasonal fluctuations in carbon
exchange between forest ecosystems and the atmosphere (Baldoc-
chi, 2003). In conjunction with forest inventories (Etzold ezal.,
2011), EC data have greatly improved the understanding of the
terrestrial carbon budget and its climate sensitivity at local to
global scales (Baldocchi, 2003; Reichstein ez al., 2007). Flux tow-
ers, however, essentially provide integral measurements above the
canopy and leave uncertainties concerning the magnitude and
inter-annual variability of carbon allocation within the respective
ecosystems. Furthermore, the fraction of CO, entering different
long-term storage pools is challenging to quantify (Litton ezal.,
2007; Luyssaert eral., 2007) and may not be constant in time
(Campioli ezal., 2011) or across ecosystems (Pan ez al., 2011). A
combination of biometric and EC-based forest productivity
assessments could theoretically help to overcome these limita-
tions, but local studies have been variably successful in linking
tree growth and carbon stock changes (i.e. allocation of photo-
synthates to wood production) with flux tower measurements
(Barford eral, 2001; Curtis eral, 2002; Gough eral., 2008;
Gielen ez al., 2013). Conclusions ranged from finding nearly no
link to observing high coherence between biometric and EC
data. For example, Rocha ez al. (2006) found no significant rela-
tionship between tree-ring width (TRW) chronologies from
selected mature black spruce (Picea mariana) trees and annual
ecosystem carbon gain in central Canada. By contrast, Zweifel
etal. (2010) reported remarkably close links between stem radius
changes and gross primary productivity (GPP) at hourly to inter-
annual time-scales in a Swiss subalpine Norway spruce (Picea
abies) forest, driven by a combination of growth, stem water bal-
ance and frost-induced shrinkage. Ohtsuka ez a/. (2009) observed
a significant relationship of net ecosystem productivity (NEP)
with woody biomass increment, but not with foliage production,
at a central Japanese flux site. Results from these and other stud-
ies hint at the complexity of the processes and ecosystems under
question, especially as wood formation is additionally supported
by stored carbohydrate reserves (Richardson ez al., 2013). Ilvesni-
emi eral. (2009) found reasonable agreement between tree-ring
and EC-based productivity estimates in a Scots pine (Pinus
sylvestris) forest in southern Finland. Yet, decreasing coherence
with increasing distance between sampled trees and the flux
tower suggest rather local representation of these data. Granier
eral. (2008) found high correlations between biometric and EC
estimates at weekly to monthly time-scales in a young beech
(Fagus sylvatica) stand in northern France. The disappearance of
these links in the second half of the growing season, and thus at
annual time-scales, suggests that the timing of wood formation
plays a key role in the quantification of forest carbon assimila-
tion. Given the current state of literature on biometric and EC
comparisons, it is premature, if not impossible, to make general-
izations with regard to the complementarity and compatibility of
these two different ecosystem perspectives. Comparable investi-
gations at multiple flux tower sites across different biomes are
needed.

Above-ground woody biomass increment in trees can be calcu-
lated as the product of the volume increase and wood density. All
existing biometric studies rely on stem diameter changes derived
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from tree rings (Rocha ez al., 2006), dendrometer data (Zweifel
etal., 2010) or repeated inventories of tree girth (Ohtsuka ez al,
2007). Some studies (Wirth etal, 2004; Wutzler etal., 2008)
additionally consider tree height to avoid a priori and potentially
site-specific parametric relationships between diameter and stem
volume. Wood density is generally assumed to be constant in
biomass assessments, thereby neglecting its inter-annual to cen-
tennial variation owing to both climate and tree age (Bouriaud
etal., 2004). The extent to which changes in wood density and
its between-tree variability induce errors into local (Ilvesniemi
etal., 2009) to national (Nepal ez al., 2012) forest carbon inven-
tories remains unclear. Investigations of TRW and maximum
latewood density have shown that these parameters are most
sensitive to environmental conditions during different times of
the year (Briffa eral, 2002; Frank & Esper, 2005). We thus
hypothesize that different climatic controls apply to radial
growth and average ring density (XD), and therefore the variabil-
ity of both is needed to accurately estimate the annual biomass
increment in trees.

Tree-ring analyses permit fully compatible measurements of
TRW and XD from the same samples, and are thus a valuable
archive of annually resolved variability in stem biomass (Bour-
iaud etal, 2004) and growth over inter-annual (Babst eral,
2012a) to centennial (Esper eral, 2002) time-scales. Large
TRW networks have been compiled to address forest growth
variability on continental scales (Gedalof & Berg, 2010; Babst
etal., 2013). These datasets, however, are not suitable to infer
stand biomass changes. As outlined in Babst eral (2012b),
there is litte control concerning the number of trees, their
dimensions and social status, the research area or even which
trees from a stand were sampled. This information is required
to transform tree-ring parameters into biomass increments using
allometric biomass functions (Zianis etal, 2005; Tabacchi
etal., 2011). Furthermore, sample collection is usually oriented
towards individual project goals and may influence or even
severely bias the quantification of growth variability (Melvin,
2004).

Aiming to reconcile the quantification of carbon cycling from
biometric and EC techniques, we measured radial tree growth
and wood density at five long-term EC forest sites. The resulting
records were used to calculate the annual above-ground woody
biomass increment (i.e. stems and branches) and associated
carbon uptake. We corrected tree-level biomass increments for
inter-annual variations in wood density before upscaling to
stand-level carbon uptake in above-ground woody tissues. Inter-
annual growth variability was verified with neighboring tree-ring
chronologies (Babst ez al., 2013) to test the spatial representative-
ness of individual sites. Subsequent comparisons with the sum of
monthly to seasonal CO, flux measurements (i.e. NEP) and
derivatives thereof (GPP; terrestrial ecosystem respiration, TER)
were performed to assess: (1) the seasons in which EC and tree-
ring data correspond best in different parts of Europe; and (2)
the fraction of eddy fluxes that is associated with changes in
above-ground woody carbon stocks. Our efforts contribute to
reducing the uncertainties in estimates of the carbon allocation
processes in forested ecosystems.

© 2013 The Authors
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Materials and Methods

Study sites

Trees were sampled from five CO, flux monitoring forest sites
(Fig. 1) equipped with continuous and long-term measurements
of net ecosystem CO, exchange. The study sites are all part of the
FLUXNET network and include Hyytiali (FI-Hyy), Sore
(DK-Sor), San Rossore (IT-SRo), Tharandt (DE-Tha) and Bras-
chaat (BE-Bra). FI-Hyy is located in a boreal Scots pine (Pinus
sylvestris L.) forest in central Finland next to Lake Kuivajarvi, and
is characterized by short summers, cold winters and relatively low
annual precipitation (Table 1). DK-Sor is situated in a beech
(Fagus sylvatica L.) stand in central Zealand (Denmark), where
the temperature amplitude and precipitation seasonality are rela-
tively low throughout the year. IT-SRo represents a northern
Mediterranean climate with hot and dry summers and mild and
humid winters. Maritime pine (Pinus pinaster Aiton.) is the dom-
inant species at this near-sea site in Tuscany (Italy), which experi-
ences harsh growth conditions from sandy soils and strong winds
from the sea (trees are tilted landwards). DE-Tha is located in a
mixed forest in eastern Germany, where precipitation amounts
are highest during the June—August season and the temperature
amplitude throughout the year is rather large. Norway spruce
(Picea abies Karst.) is the dominant species at this site. BE-Bra lies
in Flanders (Belgium) and represents a temperate maritime cli-
mate with mild summers and winters, as well as evenly distrib-
uted rainfall throughout the year. The forest is composed of

70 —

FI?Hyy_ le}
oo

oksarl [\
|

] closest TRW
% chronologies
50 — N /

5
IT-SRo bt?

60 —

40 —

30 I I I I I
-10 0 10 20 30 40

Fig.1 Location of five flux tower sites in Hyytiala (FI-Hyy), Sorg (DK-Sor),
San Rossore (IT-SRo), Tharandt (DE-Tha) and Braschaat (BE-Bra). Large
symbols indicate location of the study sites and small symbols indicate the
locations of the 20 closest sites from a European network (Babst et al.,
2013) used for comparison with tree-ring width (TRW) chronologies
developed at the five study sites (Supporting Information Fig. S2).
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multiple monoculture patches of different species and our sam-
pling focused on Scots pine stands in the immediate vicinity of the
flux tower. More detailed site descriptions are provided in Table 1.

All sites are located in relatively even-aged plantations with
documented management (i.e. timber harvest) histories. Relevant
thinning events occurred during the flux tower period in FI-Hyy
(2001; Ilvesniemi et al., 2009), DK-Sor (2007; Wu et al., 2013),
DE-Tha (2002; Grinwald & Bernhofer, 2007) and BE-Bra
(1999; Gielen eral, 2011). Understory vegetation is generally
very scarce as a result of local forest management practices, and
the canopy-forming trees therefore contain the vast majority of
the above-ground biomass. In addition, the footprint area of the
CO, flux measurements can approximately be estimated from
the principal wind direction and atmospheric stability, thus
allowing comparable biometric forest growth data to be collected.
Together, these five study sites span the principal European cli-
mate zones — boreal, temperate and Mediterranean — and, except
for oak, represent the major European tree species.

Conceptual framework

Carbon assimilated by trees during photosynthesis is allocated to
a variety of short- to long-term pools which together determine
the carbon balance of a forest (Dixon ez al., 1994). In this study,
we use tree-ring and biometric data to estimate the total above-
ground woody carbon stocks (including stems, branches and bark
biomass) to enable comparisons with eddy-flux measurements
(Fig.2). We thereby disregard other organs, such as foliage,
fruits, coarse and fine roots, which are challenging to reliably
assess over longer time-scales from 77 situ measurements and — in
the case of foliage - may be temporally decoupled from wood for-
mation through needle persistence or carbon storage legacies
(Beck etal, 2011; Richardson etal, 2013). Biometric data are
combined with the inter-annual growth variability from TRW
measurements to reconstruct historical tree dimensions and trans-
formed into tree-level estimates of the above-ground woody bio-
mass increment (AWI) using allometric equations (Table 2).
AWT was corrected for variability in XD, and then upscaled to
the site level — a procedure facilitated by a fixed-plot sampling
scheme (Babst ezal, 2012b). The annually resolved estimates of
the total above-ground woody biomass increment (tAWI) served
as a basis for comparison with EC data. We derived TER from
NEP measurements and combined the two parameters into esti-
mates of GPP. Periodical sums of all eddy fluxes were compiled
to facilitate comparisons with tAWI.

Sample collection and biomass estimates

We applied a carbon-oriented sampling scheme at each study site
designed to facilitate the reconstruction of tAWI from radial tree
growth measurements (for a detailed description, see Babst ez al.,
2012b). This approach involves the collection of tree-ring and
biometric data (i.e. diameter at breast height (DBH) and tree
height) from all trees within one or multiple predefined circular
plots located in the footprint area of the respective flux tower.
Plot number and size were adjusted according to the forest
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Table 1 Description of study sites (climate data derived from the flux towers)

New
Phytologist

Annual  Annual

Plots No. TRW and Flux tower ~mean  precip.
Site (radius (m)) ~ Sp.1 (%) Sp.2 (%) of trees XD chronos  period T (°C) (mm) References
FI-Hyy  2(10,12.5) Pinus sylvestris (>95) — 100 1969-2009 1996-2009 4.4 511 Rannik et al. (2002)
DK-Sor 1 (20) Fagus sylvatica (>95) - 41 1925-2009 19962009 8.6 709 Pilegaard etal. (2011)
IT-SRo 2 (15, 15) Pinus pinaster (87) Pinus pinea 97 1952-2009 1999-2009 15.3 859 Chiesi et al. (2005)

(13)

DE-Tha 2 (20, 20) Picea abies (81) Larix decidua 82 1899-2009 1996-2009 8.6 856 Grunwald & Bernhofer (2007)
BE-Bra 1 (22.5) Pinus sylvestris (>95) — 48 1928-2009 1997-2009 11.1 860 Carrara etal. (2003)

TRW, tree-ring width; XD, average ring density.

composition to include a sufficient number of trees for exact dat-
ing (minimum of 40-50 individuals per plot; Fritts, 1976) and
to capture a reasonably representative subset of the tower foot-
print. From all trees, we measured TRW, as well as earlywood
and latewood width (EWW, LWW) and density (EXD, LXD),
using a Walesch 2003 X-ray densitometer with a resolution of
0.01 mm. Brightness variations in the X-ray images were trans-
ferred into wood density using a standard calibration and species-
specific relationships between absolute and radiographic wood
density (Eschbach ez al., 1995). We calculated XD as the mean of
EXD and LXD weighted by EWW and LWW, respectively. To
test the regional representativeness of the annual growth anoma-
lies from the study sites, we calculated standardized site chronolo-
gies for TRW and XD using a spline with a 50% frequency
cutoff response at 30 yr (removing the biological age trend and
most of the multi-decadal to centennial growth variability, Fritts,
1976; Esper et al., 2002), and compared them with the 20 most
proximal sites extracted from a European tree-ring network
(Babst et al., 2013).

Following the approach described in Babst ez al. (2012b), we
reconstructed historical tree diameters with the TRW starting

biometric
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Fig.2 Conceptual framework of this study with red arrows marking the
principal assessments made. Field measurements are indicated in italic text
(eddy-covariance in blue) and brown colors show the forest carbon pools
(i.e. above-ground woody biomass increment, AWI) quantified using a
combination of tree-ring and biometric data. Eddy-covariance parameters
include gross primary productivity (GPP), terrestrial ecosystem respiration
(TER) and net ecosystem productivity (NEP).
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from the sampling year DBH (complete outermost 2009 ring)
and assuming a linear relationship between wood and bark
formation (Bakker, 2005). The annually resolved diameter recon-
structions of each tree were transformed into AW1I using multiple
allometric biomass functions (Table2) to permit some assess-
ment of uncertainties in carbon stock estimates. We selected
appropriate functions based on geographical proximity and valid
diameter ranges. Consequently, the more widely studied species
with numerous allometric functions ended up with a greater
spread, but theoretically more robust mean estimates, than
species with fewer available functions (i.e. Maritime pine in
IT-SRo). We considered the prediction errors in AWTI related to
the use of allometric functions. As functions have different shapes
and are often not published with sufficient fitting statistics to
assess error propagation (e.g. as proposed by Nickless eral,
2011), we implemented a simplified model of prediction error
variance. Assuming the heteroscedastic nature of the biomass
model residuals (Parresol, 1999), the variance of the prediction
error is typically a power function of the independent variable
(here DBH). We thus used the universal scaling exponent
(2.3679) presented by Zianis & Menuccini (2004) to estimate
the prediction error in AWI (irrespective of the species and
biomass model used) as var(error) = DBH?*”°. The 95% confi-
dence interval around tAWI was estimated after summing all
tree-level errors as 4 1.96 x sum(var(error))*>. This approach
overestimated the prediction error by 10% compared with a
function in which we were able to calculate the error based on
the published statistics (Wutzler et 4/., 2008), but underestimated
errors compared with another approach (Zianis, 2008).

We refrained from combining our XD measurements with
allometric volume functions to estimate tree biomass in this
study, as: suitable volume equations were only available for the
commercially relevant components (i.e. stem) of most species
(Zianis et al., 2005); and we were unable to collect wood density
data from branches. Instead, we used the XD data to correct the
AWI estimates for density variations within and between trees,
and thereby to test questionable assumptions for a constant
wood density in all allometric biomass functions (Supporting
Information Fig. S1). This was achieved in two steps: correction
for inter-annual XD variability (AWI multiplied by the XD
anomaly in the respective year); and correction for the mean
XD of a tree compared with the mean XD of all trees at a site.

© 2013 The Authors
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Table 2 Allometric biomass functions

Species Input (DBH, height) Biomass function (kg) Reference
Pinus sylvestris cm, — B=(107(0.981 + 2.289*|log10(pi*diameter)))/1000 Brakke (1996)
cm, — B =18.779 — 4.328*diameter + 0.506*(diameter/2) Briggs & Cunia (1982)
cm, — B =exp(-3.2807 +2.6931*log(diameter)) Makeld & Vanninen (1998)
cm, — B =exp(-1.954 + 1.988*log(diameter)) Oleksyn et al. (1999)
cm, — Bgtem = 0.1227*diameter*2.3272 Yuste et al. (2005)
Biranches = 0.0022*diameter*2.9123
Fagus sylvatica cm, — B =0.0798*diameter"2.601 Bartelink (1997)
cm, — B=(107(2.85102 +2.0666*l0g10(diameter)))/1000 Duvigneaud & Timperman (1977)
cm, — B =0.1143*diameter"2.503 Pretzsch (2000)
cm, m B =0.0523*diameter~2.12*height"0.655 Woutzler et al. (2008)
Picea abies cm, — B =0.57669*diameter"1.964 Cerny (1990)
cm, — B=(107(1.81298 +2.51353*log10(diameter)))/ 1000 Duvigneaud & Timperman (1977)
cm, — B =—43.13 +2.25*diameter + 0.452*diameter/2 Fiedler (1986)
cm, — B=-60.55702 + 5.46558*diameter + 0.27567*diameter’2 Poppel (1989)
Pinus pinaster cm, m Bstem = 6.3157*10/(—1) + 1.584*10/(-2)*(diameterA2*height) Tabacchietal. (2011)

Bbranches = 1.25 +4.7109*10A(—3)*(diameterA2*height)

DBH, diameter at breast height.

We calculated tAWI as the summed AWI of all individual
trees divided by the total sampling area (Table 1). To quantify
the annual carbon allocation to stems and branches, we assumed
50% carbon content in woody tissues (Joosten ezal., 2004),
unless site-specific estimates were available (e.g. DK-Sor: 46%
and 47% in stems and branches, respectively). Validation of
tAWI was performed when site-specific biometric estimates of
above-ground woody biomass increment were available. At the
FI-Hyy site, validation followed the approach presented by Repo-
la (2009) with historical tree heights reconstructed according to
Ilvesniemi et al. (2009). In DK-Sor, estimates of carbon uptake
based on novel biomass expansion functions (Skovsgaard &
Nord-Larsen, 2012) and corrected for management influences
were used for evaluation. In BE-Bra, tAWI was tested against
annual changes in above-ground wood production based on site-
specific allometric relationships (Yuste ez al., 2005).

Eddy-covariance (EC) measurements

The EC technique (Aubinet ez al., 2012), together with a number
of relevant meteorological variables (radiation, temperature, pre-
cipitation), measures the energy, carbon and water fluxes between
ecosystems and the atmosphere. Over the last 15 yr, a European
network of sites has been established with long-term measure-
ments available from the European Fluxes database (www.
europe-fluxdata.eu). All EC data used in this study were pro-
cessed and quality controlled according to the standard method-
ology described by Papale ez al. (2006), and gapfilled to allow the
calculation of annual budgets using the methodology described
in Reichstein ez al. (2005). The friction velocity (u*) thresholds at
each site were calculated annually to allow adjustment for
changes in the roughness, for example, as a result of canopy evo-
lution, disturbances or changes in the site setup, but tests in FI-
Hyy showed that annual NEP was rather insensitive to the choice
of annual vs fixed u* thresholds (D. Papale ez /., unpublished). A
detailed propagation of uncertainty associated with u* calculation

© 2013 The Authors
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at each site, however, is outside the scope of this article. Parame-
ters used in our analyses include monthly NEP and its compo-
nents GPP and TER. To partition NEP into TER and GPP,
TER was estimated by extrapolating night-time measurements to
daytime using short-term temperature sensitivity relations
(Reichstein ez al., 2005). This approach has been shown to yield
inter-annual variability which is comparable with other partition-
ing methods (Desai ez al., 2008), and the magnitude of the GPP
obtained is similar to that obtained from a daytime extrapolation
approach (Lasslop ez al., 2010). No data for 2003 are available at
the BE-Bra site (Gielen ezal, 2011). Correlation and linear
regression analyses between biometric (tAWI and XD) and EC
measurements were performed at monthly, seasonal and annual
time-scales. In addition, we assessed the fraction of sequestered
carbon which is allocated to above-ground wood formation to
support different growth processes related to volume and wood
density increase.

Results

Inter-annual growth variability

We measured a total of 384 TRW and XD time series from five
flux tower sites (common period 1970-2009) to quantify the
magnitude and inter-annual variability in tree growth (Fig. 3, left
panels). Decadal trends in radial increments were observed at the
FI-Hyy and IT-SRo sites, largely related to the geometric age
trend and juvenile growth effects. Other sites showed no longer
term trends or abrupt discontinuities (e.g. caused by forest man-
agement events or severe climate extremes) during the past 40 yr.
Generally, mean correlations of the TRW and XD time series
among trees at a site are higher than r=0.3-0.4 (£<0.05).
Correlations at the FI-Hyy and IT-SRo sites are even higher (up
to 7=0.8, 2<0.001) as a result of common age-related trends,
and decline to »=0.29 (P=0.047) and = 0.48 (P=0.009) after
de-trending. To test whether growth variability observed at our
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Fig. 3 Left panels show the raw tree-ring width (TRW, light gray) and
mean wood density (XD, dark gray) series measured at the five study sites.
Mean chronologies are shown in black for primary and in orange for
secondary species (if present). Average inter-series correlations are
displayed in the respective colors (critical value for significant correlations
is r=0.264 at P=0.05). Right panels show the probability density
functions of the tree-level correlations between TRW and XD (solid lines).
Significant (P <0.1) differences between observed (solid) and target
normal (dotted) distributions are shaded in gray.

study sites is representative at regional scales, we compared the
de-trended site chronologies (only TRW as XD measurements
are rarely available) with the 20 spatially closest sites from a Euro-
pean tree-ring network (Fig. S2). For all sites except IT-SRo,
TRW indices correlate significantly (r=0.35, P=0.043 to
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r=0.75, P<0.001) with the mean of the surrounding chronolo-
gies, thus suggesting regionally coherent inter-annual variations
in above-ground biomass increment. In addition, we found com-
mon negative growth anomalies among our study sites which cor-
respond to known large-scale climate anomalies (Babst ezal,
2012a) in the years 2006 (DK-Sor, BE-Bra), 2003 (FI-Hyy,
IT-SRo, DE-Tha), 1996 (DK-Sor, BE-Bra), 1992 (FI-Hyy, DK-
Sor) and 1976 (DK-Sor, DE-Tha, BE-Bra), where no manage-
ment interventions took place.

Variability in TRW and XD often follows unique climatic
drivers (Briffa ez al., 2002; Frank & Esper, 2005), with the effect
that annual ring width and density may exert opposing (but also
amplifying) influences on AWI. To assess the systematic relation-
ships between both parameters, we tested the probability density
functions (PDFs) of the tree-level correlations between
de-trended TRW and XD: (1) for normality (Shapiro—Wilk test);
and (2) for significant differences from target normal distribu-
tions (equal standard deviation and a mean of zero; Student’s
ttest). As shown in Fig. 3 (right panels), distributions were
significantly shifted towards positive correlations in DK-Sor
(r=0.16, P=0.01), IT-SRo (»=0.13, P=0.004) and BE-Bra
(r=0.28, P<0.001), and towards negative correlations in
DE-Tha (r~-—0.15, P=0.05). No significant relationship
between TRW and XD was observed at the FI-Hyy site
(r=—0.01, P=0.75). Depending on their sign, differences
between the observed PDFs and null distributions indicate XD
variations which either amplify (positive correlation) or buffer
(negative correlation) AWI fluctuations inferred from TRW
alone. At the site level, positive correlations between TRW and
XD were found in IT-SRo and BE-Bra (»=0.3, P=0.05 and
r=0.52, P<0.001, respectively), whereas relationships were not
significant at other sites.

Carbon uptake

We quantified carbon uptake with both biometric and EC
approaches during the 1997-2009 period commonly covered by
flux tower and tree-ring time series. Estimates of XD-corrected
tAWI (Fig. 4a) indicate that, during this time, mean carbon allo-
cation rates to above-ground woody tissues were highest at the
IT-SRo site (3704+50gCm *yr '), followed by DK-Sor
(3004+50gCm *yr '), DE-Tha (1504+60gCm *yr "),
BE-Bra (130££50gCm *yr ') and FI-Hyy (110£100g
Cm? yr_l). Over the investigated time, tAW1 increased consid-
erably at the DK-Sor and moderately at the FI-Hyy and BE-Bra
sites. By contrast, IT-SRo and DE-Tha showed a decline in
woody carbon uptake. Site-specific reference datasets (based on
Repola, 2009 — FI-Hyy; Skovsgaard & Nord-Larsen, 2012 —
DK-Sor; Yuste et al., 2005 — BE-Bra) used to evaluate tAWT esti-
mates show similar inter-annual variability, and are mostly within
the uncertainty range derived from the allometric equations, but
indicate 20% higher mean allocation rates at FI-Hyy, and 16%
and 5% lower rates at DK-Sor and BE-Bra, respectively (Fig. 4a).
Our results indicate that the more productive sites show a higher
inter-annual variability in tAWI. A significant positive relation-
ship (#*=0.86, P=0.02) was found between mean tAW1I among
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sites and their standard and maximum deviations (Fig. 4b). Com-
parison of the XD-corrected and uncorrected tAW1 estimates was
performed to quantify potential biases introduced by the assump-
tion of a constant wood density in allometric biomass equations
(Wirth eral, 2004; Wutzler eral, 2008). Although the mean
XD of trees at each site is highly variable (Fig. S1), the average
effect of our XD correction on tAWI was < 5% at all sites except
FI-Hyy, where the uncorrected tAWI was ¢. 20% lower. At inter-
annual time-scales, however, differences between XD-corrected
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and uncorrected tAWTI of up to . 10% were observed at all sites
(Fig. S3).

Figure 4(c) shows the total ecosystem carbon uptake (NEP)
during the growing season, which was defined as starting in the
month when GPP first increases (Fig. S4; see Fig. S5 for annual
fluxes) and ending in September when tree-ring formation proba-
bly approaches completion in the investigated climate regimes
(Moser etal., 2010). Mean growing season NEP over the flux
tower period was highest in DE-Tha (616gC m 2 yrfl),
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followed by IT-SRo (464gCm yr '), DK-Sor (459g
Cm ?yr "), FI-Hyy (315gCm *yr ') and BE-Bra (259g
Cm ?yr ). This order mirrors that found in tAWI, except for
the DE-Tha site. Similarly, trends observed in NEP at the five
study sites reflect the tAWI results, except in IT-SRo, where the
EC data indicate an increase in ecosystem productivity, whereas
tAWT decreases. In contrast with the biometric observations, no
significant relationship between the magnitude and inter-annual

variability of NEP was found (Fig. 4d).

Correlation between wood production and carbon fluxes

The inter-annual variability in de-trended tAWI and XD was
compared with the monthly and seasonal aggregates of CO,
fluxes (i.e. NEP and GPP) to investigate the seasonality of carbon
allocation to above-ground woody tissues. We calculated Pear-
son’s correlation coefficients between de-trended tree-ring and
EC measurements for all possible combinations of months
between January and September (Fig. 5), and tested the signifi-
cance (P<0.05, two-tailed) of the relationships obtained after
applying a Bonferroni correction to the P values (Hochberg,
1988). Critical correlation values (Table S1) were determined
with the test number adjusted to the number of months included
in the respective seasons. Results differ between the study sites
and the observed patterns were stronger for NEP than for GPP at
four out of the five sites (except BE-Bra). In FI-Hyy, the highest
correlations between tAWI and NEP emerged in early summer
(i.e. January to May and June; »=0.75, P=0.02 and »=0.66,
P=0.05, respectively) and in August (r=0.73, P=0.02). For
XD, the August—September (r=0.62, P=0.07) as well as Febru-
ary (r=0.73, P=0.02) signals were strongest. In DK-Sor,
correlations between tAWI and NEP were generally weak (Janu-
ary—June, »=0.5, P=0.24). Relationships with XD were stron-
ger and peaked over the January—June season (r=0.7, P=0.03).
At the It-SRo site, June—July NEP showed highest agreement
with tAWI (r=0.81, P=0.006), whereas a weak XD signal
peaked in June (r=0.64, P=0.06). In DE-Tha, pronounced
early spring and summer signals were observed for tAWT (Janu-
ary—June, r=0.72, P=0.02), whereas correlations in the in-
between season (i.e. May) were lower. For XD, the strongest
match with late-summer (i.e. August) NEP and GPP was found
(r=0.61, P=0.09 and r=0.77, P=0.01, respectively). At the
BE-Bra site, signals were generally weak and below significance
for tAWI and XD. A similar analysis comparing tAWI and XD
with the previous year’s (i.e. pApril-pDecember) fluxes revealed
inconsistent patterns (Fig. S6). Significant correlations were
observed in FI-Hyy between tAWI and pDecember GPP
(r=—-0.78, P=0.01), in IT-SRo between tAWI and pNovem-
ber—-pDecember NEP (r=-0.71, P=0.03) and in BE-Bra
between XD and pAugust and pSeptember—pOctober NEP
(r=0.76, P=0.01 and r=0.68, P=0.04, respectively).

From this extensive analysis, two seasons emerged with consis-
tently good agreement between tree-ring measurements and
NEP among all sites, namely: (1) between tAWI and NEP dur-
ing the early growing season (January to June/July; Fig. 6a); and
(2) XD and NEP towards the end of the growing season
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(August—September; Fig 6b). These signals are influenced by for-
est management practices and tend to be weaker when years
before the last thinning event are included. Accordingly, the
observed correlation between NEP and tAWT at the FI-Hyy site
(r=0.66, P=0.05 between 2001-2009) is no longer statistically
significant (Table S1) if the pre-thinning period 1997-2000
(Ilvesniemi etal, 2009) is considered. Thinning events in
DK-Sor (2007; Wu et al., 2013) and DE-Tha (2002; Griinwald
etal., 2007) had less influence on the agreement between tAWI
and NEP.

Woody carbon sequestration vs ecosystem carbon fluxes

The fraction of NEP, GPP and TER associated with tAWI was
assessed in an attempt to better constrain carbon allocation to
above-ground woody biomass during the main growing season
(Fig. 7). Uncertainty around the tAWT to flux ratios originates
from the inter-annual variability in both data streams and from
the multiple allometric models considered in tAWI estimates. At
the most productive sites (i.e. DK-Sor and IT-SRo), tAWI
explained up to 80% of NEP, 20-25% of GPP and 23-32% of
TER. In FI-Hyy and BE-Bra, the two least productive sites,
32-38% of NEP, 10-12% of GPP and 15-18% of TER were
associated with above-ground woody biomass increment. In DE-
Tha, tAWTI accounted for 25% of NEP, 13% of GPP and 17%
of TER. In addition, we calculated the respective correlation
coefficients between tAW1I and growing season EC measurements
to investigate the explanatory power of tree-ring data with regard
to inter-annual variability compared with absolute carbon uptake
(Fig. 7). This comparison revealed somewhat opposite results for
NEP and GPP. tAWTI appears to be a better measure of the inter-
annual variability of GPP than would be expected from its
absolute fraction of GPP at all study sites. With regard to NEP,
however, the fraction of total carbon uptake explained by tAWI
is considerably higher than the inter-annual variability at the
FI-Hyy, DK-Sor and IT-SRo sites. In DE-Tha, the opposite
result was obtained, whereas the explanatory power of tAWI for
the magnitude and dynamics of forest carbon uptake was compa-
rable at the BE-Bra site.

Discussion

This study quantified carbon sequestration in tree stems and
branches at five European flux tower sites using a combination of
extensive tree-ring and biometric measurements, and linked these
measurements with long-term EC datasets aiming to better con-
strain carbon allocation to above-ground woody tissues. In line
with results from earlier studies (Curtis ez 2/, 2002; Peichl et al.,
2010), we observed large variation in the NEP fraction explained
by tAWTI from year to year. The variability tended to be larger at
sites with lower mean tAWI to NEP ratios. By contrast, the frac-
tion of GPP used for wood production is small and the tAWT to
GPP ratios observed at our study sites (Fig.7) are within the
range reported in a recent global investigation (Vicca eral.,
2012). Seasonal relationships between biomass increment and
GPP were weaker than with NEP, which indicates that most of
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NEP goes to wood production, not to other biomass pools or
soils (Vicca eral, 2012). However, the relationship between
NEP and tAWI was strongest at our sites if at least one growing
season month in which NEP is mostly GPP driven was consid-
ered. This finding, together with the modest TER fraction and
variability represented by tAWI, points to a strong influence of
GPP on tAWI. The common sensitivity of assimilation and
radial growth to the water balance (Beer ¢z al., 2007) may serve as
an explanation here. NEP, however, is driven by a complex set of
processes, including more temperature-sensitive mechanisms (i.e.
TER; Reichstein ez al., 2005), which are not so closely coupled to
radial tree growth. The observed relationships represent a step

New Phytologist (2013)
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towards resolving forest carbon dynamics using iz situ measure-
ments, and may also help to improve vegetation model parame-
terizations and hence decrease uncertainties in model projections
of terrestrial carbon cycling (Keenan ez al., 2012).

The TRW and XD datasets produced herein provide insights
into a wide span of ecological, competitive, climatic and manage-
ment regimes (see references in Table 1). In addition, the XD
measurements permitted us to quantify and mitigate biases intro-
duced by the assumption of constant wood density in most allo-
metric models (Zianis ez al., 2005; Wutzler et al., 2008). This XD
correction assumes similar inter-annual wood density variability
in stem and branch wood, which was reported for Scots pine
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(Mikinen, 1999), but lacks testing in many tree species and forest
types. Relationships between TRW and XD differed between
study sites, suggesting that biometric studies exclusively based on
changes in tree diameter may provide a locally biased picture of
the sensitivity and resilience of woody biomass production to cli-
mate variation and extremes. The effect of XD variability, how-
ever, is smaller than that of tAW1I variability, and the sign of their
correlation may reflect dependence on site properties (e.g. sparse
vs dense stands in BE-Bra and FI-Hyy, respectively, both Scots
pine), as well as on species-specific characteristics. These relation-
ships will need to be tested with additional sites, species, forest
types and climate zones to uncover more general patterns and to
quantify their impact on estimations of forest growth, for exam-
ple, based on dendrometer bands (Zweifel ez al., 2010).

The direct comparison between tAWI and EC was chal-
lenged by five principal factors which we will address. (1) tAW1I
is mainly related to biomass increment, whereas EC data are an
integral measurement of physiological processes related to car-
bon assimilation, allocation and use (Baldocchi, 2003). Earlier
studies have shown that stem growth alone is an insufficient
proxy for total biomass production (Mund ezal., 2010). Conse-
quently, the relationship between tAWI and NEP is expected
to be weakened by carbon allocation dynamics to other storage
pools (Briiggemann eral, 2011), by potential changes in
growth dynamics along the stem (Bouriaud et al., 2005) and by
the heterotrophic respiration component of NEP — factors
which all respond to different environmental drivers. These
dynamics further involve temporally lagged processes, with a
considerable fraction of the annual stem growth affected by the
previous growing season (Skomarkova et al., 2006), thus leading
to a strong control of stored carbon on spring fluxes (Kuptz
etal., 2011). (2) Uncertainty may be introduced by the spatial
and seasonal (in-)compatibility of tree-ring and EC datasets. As
the footprint area varies in time, size and location as a result of
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weather conditions (Chen ezal., 2009), the sampling plots may
be more or less representative of the EC fluxes. Without fully
sampling all trees within the footprint area, some errors caused
by spatial variations in species composition, stem distribution
and competition will always exist in sampling approaches.
However, multiple sampling plots at individual sites provided
similar tAWTI estimates (Babst ez 4/, 2012b), suggesting that the
forest structure is rather homogeneous and is captured reason-
ably well by our approach. (3) The applicability of the biomet-
ric functions for our specific sites could not be considered in
this study because functions are often not published with suffi-
cient detail. Our estimates of residual error propagation are
thus not function specific and the uncertainty ranges around
the mean tAWI may in reality be different from those shown
in Fig. 4. Validation against individual functions indicated
either an overestimation (Wutzler ez al, 2008) or an underesti-
mation (Zianis, 2008) of the residual errors. (4) Management
practices may exhibit strong impacts on both EC fluxes (Etzold
etal., 2011) and the growth performance of remaining trees
(Skomarkova ez al., 2006). Consequently, NEP and tAWI may
be partly decoupled before the last thinning events, as the flux
measurements include signals from trees not present in the
sampling year and thinning also alters the growth physiology
(e.g. may reduce competition and accentuate climatic growth
limitations). As evidenced in Fig. 6, relationships may thus be
considerably stronger in the most recent period. (5) Impor-
tantly, the short time periods (9—13yr) assessed through EC
measurements result in few degrees of freedom to obtain
statistically significant correlations (Table S1). Although our
comparisons between biometric and EC-based carbon sink
estimates provide comprehensive and mechanistically straight-
forward seasonal links, the inferred relationships should be
revisited at these sites as EC records become longer and tested
at independent locations.
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Despite the above challenges, we found reasonably strong sea-
sonal agreement between biometric measurements and NEP at
most study sites. Comparisons of these results with existing stud-
ies are challenging because of inconsistent approaches for the
assessment of radial tree growth and because of the different
bioclimatic zones investigated (Curtis ez al., 2002; Rocha eral.,
2006; Gough etal, 2008; Granier etal, 2008; Ilvesniemi
etal., 2009; Ohtsuka eral, 2009; Zweifel etal, 2010; Gielen
etal., 2013). Our findings indicate a strong relationship among
study sites between tAWI and NEP during the January to June/
July season, where most of the radial growth is realized and soil
water reserves are high. This result is consistent with earlier stud-
ies reporting robust links between radial growth and spring to
early summer EC measurements (Granier eza/., 2008). In addi-
tion, we observed reasonably high positive correlations between
XD and late summer (i.e. August—September) NEP at three of
the five sites. This seasonal partitioning in carbon allocation: (1)
points towards a specific timing of wood production and carbon
assimilation as photosynthesis continues after radial growth has
stopped; (2) is mechanistically straightforward in terms of cell
formation and maturation processes (Moser ez al., 2010); and (3)
suggests that carbon sequestered after June/July is mostly used for
cell wall thickening processes (i.e. XD increase; Lupi ez al., 2012)
and/or stored in above- and below-ground nonstructural carbo-
hydrate reserves (Granier ez al., 2008; Wolf et al., 2011; Richard-
son eral., 2013). The latter fraction can be rather large and is
known to support next year’s spring growth (Skomarkova ezal.,
2000) or used up to several years later (Richardson ezal., 2013).
In the present study, relationships between tAWI and XD with
the previous year’s fluxes were not robust (Fig.S6), and the
explicit quantification of carbon storage will require longer term
assessments of all forest carbon pools and their differing turnover
rates. Interestingly, the tAWI to NEP ratio was higher at the
more productive sites, which also showed the strongest inter-
annual variability in wood formation (Fig. 4). The forest carbon
sink at these productive sites is thus probably most susceptible to
extreme climatic events (Reichstein ez 4l., 2007, 2013).

Our synthesis of above-ground biomass increment from the
most important European climate zones and tree species helps us
to better understand seasonal carbon allocation processes, and
demonstrates that variability in tree-ring and monthly to seasonal
EC measurements are largely compatible and complementary.
Yet, carbon allocation to above-ground woody tissues may be
altered by climate warming with different impacts expected in
boreal and temperate regions (Lindner ez al., 2010). For instance,
warmer temperatures may enhance root and foliage growth in
response to an earlier start of the growing season (Kalliokoski
etal., 2012; Lapenis eral., 2013). In addition, the considerable
inter-annual variations in above-ground biomass increment
emphasize the relevance of, for example, extreme climatic events
for the terrestrial carbon balance and the need for extensive 7 situ
studies of climate—growth interactions. Our assessments provide
a framework to link future biometric and EC measurements that
will contribute to a better quantification of long-term changes in
terrestrial carbon uptake and will reduce uncertainties for carbon
cycle—climate feedbacks.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Probability density distributions of the mean wood den-
sity measured from each tree at the five study sites.

Fig. 82 De-trended tree-ring width chronologies at the five study
sites and the 20 closest sites in the European tree-ring network.

Fig. S3 Percentage difference between wood density corrected
and uncorrected total above-ground woody biomass estimates.
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Fig. S4 Monthly sums of gross primary productivity at the five
study sites.

Fig. S5 Magnitude and inter-annual variability of the eddy-

covariance parameters.

Fig. S6 Relationships between tree-ring and eddy-covariance
measurements during all possible combinations of months over
the previous year April-December period.
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Table S1 Critical correlations for different significance levels
obtained from a Bonferroni correction to the Pvalues
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