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Abstract

The net ecosystem exchange of CO, (NEE) between the atmosphere and a beech
forest (Sorg, Denmark) showed significant interannual variation (IAV) over 13 years
(1997—-2009) of observations. The forest sequestered, on average, 157gC m~2 yr‘1,
ranging from a source of 32 to a sink of 344ng'2 yr'1 in 1998 and 2008, respec-
tively. The objectives of this study were to evaluate to what extent and at which tem-
poral scale, climatic variability (through direct response) and changes in ecosystem
functional properties (through biotic response) regulated the IAV in the ecosystem car-
bon balance. To address this question, we performed correlation analysis between
the carbon fluxes and climate variables at different time scales. The response of CO,
exchange to climatic variability was significantly higher at short time scales and the lim-
iting factors changed intra-annually. Combinations of climate anomalies in different pe-
riods of the year either intensified or attenuated the aggregated ecosystem responses,
implying that the changing distribution of climate anomalies, in addition to the average
climate change, could have stronger impacts on the ecosystem carbon balance in the
future. A semi empirical model was used to estimate a set of parameter time series
for each of the 13 years, which was considered to represent the functional properties
of the ecosystem. The climate and parameter time series were applied factorially by
year to quantify their relative importance for the IAV in carbon flux. At an annual time
scale, as much as 77 % of the IAV in NEE could be attributed to the variation in both
photosynthesis and respiration related model parameters, indicating a strong influence
of functional change. The possible causes for the observed functional change could
not be addressed with the available dataset. This demonstrates the need for more
targeted experiments, such as long-term measurements of leaf nitrogen content. Our
approach incorporated seasonal variation in the ecosystem status and demonstrated
a significant role of biotic factors on the carbon dynamics in a typical temperate decid-
uous forest. The method can be applied at other sites to explore ecosystem behaviour
across different plant functional types and climate gradients. Further, this approach
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showed how important it is to incorporate functional change in process based models,
which could guide model development and consequently reduce the uncertainties in
long-term projection of global ecosystem carbon balance.

1 Introduction

Terrestrial ecosystems fix more than ten times the current annual anthropogenic car-
bon dioxide (CO,) emission through photosynthesis (Beer et al., 2010; Friedlingstein
et al., 2010). Meanwhile, a similar amount of CO, is released back to the atmosphere
by respiration in soil and plants. The difference between these two opposing fluxes
determines the net carbon balance of the ecosystem, which varies across time and
space (Luyssaert et al., 2007; Stoy et al., 2009; Yuan et al., 2009). Small perturbations
in the climate or ecosystem status may alter the equilibrium between photosynthesis
and respiration. Whether the terrestrial ecosystems will act as a sink or a source of
CO, is important because this net flux is of the same order of magnitude as the emis-
sion from fossil fuel combustion, which could either mitigate or amplify climate change.
Therefore, understanding the spatiotemporal variability of the ecosystem carbon bal-
ance and the mechanisms that control it is crucial for assessing the vulnerability of
the terrestrial carbon pools under future changing climate conditions (Reichstein et al.,
2007; Heimann and Reichstein, 2008).

One important approach to understand the ecosystem carbon dynamics is to inves-
tigate the interannual variability (IAV) of net ecosystem exchange of CO, (NEE), with
long-term eddy covariance measurements (Baldocchi, 2003). By analyzing the year
to year variation in NEE under different climatic conditions, the key factors and pro-
cesses that determine the ecosystem carbon balance can be identified. The measured
NEE integrates gross primary production (GPP) and total ecosystem respiration (TER)
which are both much larger than the net flux. The responses of GPP and TER to
climate are complex. Some processes are direct and instantaneous, for instance the
light response of photosynthesis and the kinetic sensitivity of photosynthesis (Sage
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and Kubien, 2007) and respiration (Mahecha et al., 2010) to temperature increase.
However, there are also indirect responses, especially through changes in phenology
(Richardson et al., 2010), canopy structure (Barr et al., 2004; Ibrom et al., 2006) or ac-
climation (Luo et al., 2001). Many studies have reported enhanced carbon uptake as
warming extended the length of growing seasons (Chen et al., 1999; Black et al., 2000;
Tanja et al., 2003; Hollinger et al., 2004; Churkina et al., 2005; Penuelas and Filella,
2009; Richardson et al., 2009; Pilegaard et al., 2011). Others show that distribution
and intensity of precipitation can also indirectly affect ecosystem carbon balance be-
cause the induced water stress could alter the leaf area index (Le Dantec et al., 2000;
Barr et al., 2007). These indirect responses are often not instantaneous but lagged.
Hu et al. (2010) observed that reduced snow cover in the winter led to water stress
in the following summer and hence limited photosynthesis in a subalpine forest. Also,
climate anomalies (e.g. high temperature) in spring can increase photosynthesis in the
following autumn, possibly due to enhanced leaf nitrogen content and canopy photo-
synthetic capacity as a result of increased nitrogen mineralization (Richardson et al.,
2009).

To analyze the long-term climate change impacts on ecosystem carbon balance, it
is important to jointly consider the direct, indirect and lagged responses to climate.
However, to explicitly distinguish between these responses is difficult. Richardson et
al. (2010) illustrated with four conceptual models that only phenological transitions
(which is here defined as an indirect response) can have direct, indirect and lagged
impacts on ecosystem productivities. In a simpler approach, Richardson et al. (2007)
classified the ecosystem responses into direct and biotic responses to environmental
forcing. The biotic responses were defined as parameters of the ecosystem mod-
els (e.g. maximum photosynthetic capacity and base respiration) which could be influ-
enced by current and past climate conditions. 1AV in biotic responses was regarded as
functional change.

Partitioning the effects of direct climate variability and functional change on IAV in the
carbon balance is important. It allows the evaluation of the necessity of incorporating
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functional change modules into mechanistic models, which are used to project future
ecosystem carbon balance. Hui et al. (2003) used a homogeneity-of-slope model and a
stepwise multiple regression approach to assess the AV of the biotic responses of the
ecosystem, concluding that functional changes account for about 10 % in the observed
variation in the NEE at the Duke Forest. Richardson et al. (2007) concluded that it is
important to consider the time scale when trying to partition the source of variance in
NEE. With the parameters of a modified light response model fitted to NEE in each
year, as much as 55 % of the variation could be attributed to the biotic responses at
an annual time scale. In contrast, the effect of functional changes were found to be
much lower in relatively undisturbed ecosystems such as peatland (Teklemariam et al.,
2010).

Both the abiotic (i.e. direct) and biotic responses to climate variability have seasonal
patterns. For instance, the limiting factor for photosynthesis may change at different
periods of the year. Also, key parameters (e.g. maximum photosynthetic capacity)
can vary seasonally (Hollinger et al., 2004; Wang et al., 2007; Thum et al., 2008).
Therefore, the IAV of carbon balance should be analyzed not only at annual but also
at sub-annual time scales (e.g. weekly, monthly or seasonally). Piao et al. (2008)
suggested the warming effect in autumn accounts for the annual carbon loss (with a
sensitivity of 0.2PgC °C'1) in northern terrestrial ecosystems. This was supported by
a site level study where the autumn temperature dominated the annual carbon balance
(Vesala et al., 2010). To analyze the ecosystem response in different seasons is of
interests.

At a temperate beech forest near Sorg, Zealand Denmark, NEE was continuously
measured over the past 13 years (1997-2009). The annual NEE ranged from a source
of 32gCm™yr ' in 1998 to a sink of —344gCm~2yr~' in 2008 (negative sign as a
sink). A decadal trend of NEE at this site has been reported by Pilegaard et al. (2011),
with an average increase of —23ng‘2 year‘z. While no significant change in the
leaf area index was observed, the analysis indicated that an extended carbon uptake
period and an increase in the maximum photosynthetic capacity during the growing
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season were responsible for the trend. The aim of this study was to investigate the 1AV
of carbon fluxes at Sorg with respect to (1) the seasonal pattern of the ecosystem re-
sponses and (2) the source of variability in carbon flux. We investigated to what extent
and at which temporal scales, climate variability and changes in ecosystem functional
properties determined the 1AV of carbon balance. A semi-empirical model (Lasslop et
al., 2010b) was applied to estimate seasonal and interannual variation in the ecosys-
tem functional properties. We tested the hypothesis that long-term ecosystem carbon
dynamics are mostly driven by changes in ecosystem functional properties, despite the
significant role of climate variability.

2 Material and methods
2.1 Site description

Field measurements were taken at the Euroflux network station Sorg on Zealand, Den-
mark (55°29' N, 11°38’ E). A brief description of the site and measurements follows, for
detailed information about the instrumentation, see Pilegaard et al. (2003); soil and
vegetation (Ladekarl, 2001; Pilegaard et al., 2001); fetch and footprint analysis (Dell-
wik and Jensen, 2000, 2005; Gockede et al., 2008; Pilegaard et al., 2011). Mean
annual temperature during the measurement period was 8.5 °C and mean annual pre-
cipitation sum was 564 mm. The dominant tree species is European beech (Fagus
sylvatica) with approximately 20 % conifers, mainly Norway spruce (Picea abies) and
European larch (Larix decidua). The stand around the flux tower is about 90 years
old. The average tree height in the stand was 28 m and the diameter at breast height
was 41 cm in 2010. Soils are classified as Alfisols or Mollisols (depending on the base
saturation) with 10—40 cm deep organic layers. Leaf area index peaks at 4-5 m2m
and no significant trend was observed in 2000—2009 (Pilegaard et al., 2011).
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2.2 Flux measurements and partitioning

Thirteen years (1997-2009) of continuous half-hourly measurements of NEE and cli-
mate data were used in the present analysis. The flux measurements were conducted
at 43 m above the canopy and the data processing followed the standard procedure of
Aubient et al. (2000) as described in Pilegaard et al. (2011). Spectral corrections were
applied to the flux data according to Ibrom et al. (2007). The fluxes were filtered at low
turbulent mixing at stable stratification when the friction velocity (v,) was lower than
0.1ms™'. Correction for CO, storages below the measurement height were applied
(Pilegaard et al., 2011). Partitioning of the NEE into the two component fluxes GPP
and TER was based on the Q, function. TER was estimated based on nighttime data
and extrapolated into daytime flux according to the following equation:

Ts-To

TER=r,Q,;° (1)

where T, is the reference soil temperature at 2 cm depth (0°C); r,, is the base respiration
atT,; T, is the measured soil temperature at 2cm and Q, is the temperature sensitivity
parameter and set to a constant value of 2. Parameter estimation was conducted for
every night and the estimated function was used to extrapolate the nighttime ecosystem
respiration over daytime based on soil temperature measured at daytime. GPP was
subsequently calculated as:

GPP =TER-NEE 2)
2.3 Correlation analysis

To evaluate the ecosystem response to climatic variability, correlation analysis was first

performed between the annual carbon flux integrals (annual sums of NEE, GPP and

TER) and the mean annual climate variables, i.e. air temperature T, global radiation

Ry, volumetric soil water content SWC in the top soil, and precipitation PPT, using data

from 13 years with all possible combinations. In the second step, the same correlation
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analysis was applied at sub-annual time scale with a 30 day moving window. Pearson’s
correlation coefficients were calculated between periodical flux integrals (30 day sum
of the GPP and TER) and mean periodical climate variables from each of the 13 years.
This was done for every day of the year (DOY, index i) resulting in a time series of
correlation coefficients (r;):

_ cov(F;,C))
oF; aa

f

(3)

where F, and C; was the sum of the carbon flux (NEE, GPP or TER) and average
climate variable, respectively, within a moving time window from DOY i-14 to i+15 in
the 13 years. The resulting time series of correlation coefficients were a representation
of the seasonality of interannual variability, i.e. relating the interannual variability of the
carbon flux with a potential climatic driver in a certain period of a year. This enabled
the analysis of interannual variability at sub annual time scales.

2.4 Model description and parameter estimation

A rectangular hyperbolic light response curve (Falge et al., 2001) was fitted to daytime
NEE, with modifications to account for the changes in the temperature sensitivity of
TER (Lloyd and Taylor, 1994). The effects of air humidity over photosynthesis were
accounted according to Korner (1995). The model is described in Eq. (3 and 4).

aBRy 1 1
+r,exp | E, ( - ) ) (4)
CH?g +:B ° ( 0 7-ref_TO 7-air_TO

where T, is the air temperature; T, (°C) is a constant at —46.02°C; a (umol CJ‘1) is
the light use efficiency; G (umol C m™2 s_1) is the maximum photosynthetic capacity at
light saturation; Ry (W m'z) is the global radiation; r,, (umol C m~2 s'1) is the base res-
piration at reference temperature (T,os = 15°C); E, is a scaling parameter for the tem-
perature sensitivity. E, was allowed to vary across different seasons as it represents
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the changes in substrate quality; contribution of above and belowground respiration;
and also possible changes in the microbial communities.

5= {B=PBo.VPD<VPDy (5)
=\ B = Byexp(~k(VPD - VPD,)),VPD > VPD,

where k is a scaling parameter estimating the effects of VPD on the maximum pho-
tosynthetic capacity and VPD, is a threshold value set as 10hPa, above which the
stomatal conductance tends to reduce. The parameter a, B, r, and k were estimated
based on daytime data every two days, with a 4 day moving window. E, was derived
from nighttime data every 2 days using a 12 day window. Parameter estimation was
conducted by minimizing the weighted least squares cost function (Richardson and
Hollinger, 2005) and the half-hourly fluxes were computed using distance weighted
average parameter sets; details are described in Lasslop et al. (2010b).

2.5 Distinguishing the direct response from biotic changes

By prescription of the parameter time series of one year to all the other years and com-
paring the differences in the modelled fluxes, the effects of climate forcing on the carbon
fluxes can be investigated, vice versa for the effects of the parameters. After Richard-
son et al. (2007), model simulations with fixed climate (using climate data of one year
for all other year) and fixed parameters (using parameter dataset of one year for all
other years ) were performed, resulting in a 13 x 13 matrix of model predictions. In
each cell of this matrix, the simulated results contained 17 520 half-hourly data points,
which was further aggregated by day, week, month, season and year for statistical
analysis. Therefore, the datasets in each column represented the modelled fluxes with
fixed climate using climate data of a particular year i (F;;, ;) and the datasets in each
row represented the modelled fluxes with fixed parameter using parameter time series
of year i (Fyamixi)- The diagonal of the matrix represents the original modelled fluxes
(Foriginal)- The differences between Figina @nd Fyii Yield the variability that is driven
by the climate while the differences between Fygina @nd Fparix Yield the variability that
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is driven by the model parameters. We applied a sum of squared error approach to
distinguish the relative effect of climate and model parameters on the 1AV in NEE, GPP
and TER at multiple time scales ranging from daily to yearly. The IAV in the carbon
fluxes explained by climate variability (E;) was quantified by following equation:

E i = 0(Foriginal = Fclifix,i)/ <G(Forigina| = Faiiix,i) + 0 (Foriginal — Fparfix,i)) (6)

3 Results
3.1 Interannual variability in carbon fluxes and climate variables

Variation in NEE and the climate variables were analyzed at both sub-annual (daily
value smoothed with a 30-day moving average) and annual time scales (Fig. 1). The
variability was displayed as fluctuations (around the mean) relative to the standard de-
viations, i.e. (y — y)/oy, in a certain time window over the 13 years. This presentation
enabled a standardized comparison of the anomalies in both carbon fluxes and climate
variables with their interannual variability, during a particular period of a year. In 1998,
the forest was a source of carbon (Table 1) where the deviation of NEE from the 13-
year annual mean was about 2 standard deviations (SD) above average (more positive
means less uptake). Following this, a trend of increasing carbon uptake in the forest
was observed, manifested with the higher uptake during the latest years 2008—2009
when the NEE was almost 2 SD below average (Fig. 1). Except for these years, the an-
nual NEE deviations were less than 1 SD. Generally, there was a tendency from above
average towards below average except in 2003 and 2006, when the forest appeared to
have a reduced rate of carbon uptake.

Carbon uptake was less than average in almost all periods of the years from 1997
to 1999, except in autumn 1999 when the uptake was about 1SD above average. In
2000-2006 the NEE anomaly fluctuated remarkably within each year, ranging from
2 SD above average in winter 2000 to 2 SD below average in autumn 2005. Regardless
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the high variability at short time scales, these NEE anomalies tended to compensate
each other, resulting in the annual flux close to the 13 year average. From 2007 to
2009, NEE was continuously below average with higher carbon uptake except in two
short periods of summer 2007 and the beginning of 2008.

The mean annual air temperature of the only source year 1998 was the lowest over
the 13 year period, with more than 1 SD below average. Meanwhile, overcast weather
(lowest incoming radiation) and the slightly higher than average precipitation kept the
soil water content at 1 SD above average. The opposite conditions prevailed in 2008
compared to 1998. Higher radiation (almost 2 SD above average) was accompanied
with higher air temperature and the evaporative demand which significantly reduced
the soil water content. Note the measurement of soil water content in 2008-2009 was
slightly different from the previous years due to breakdown of the TDR system. The
new installation was at the same location but in a shallower soil horizon (5 instead of
10 cm previously).

3.2 Climatic control of the interannual variability in the carbon fluxes

The correlation analysis showed the connection between the interannual variability of
the component carbon fluxes and certain climate variables. On the annual time scale,
NEE (defined as uptake negative) was highly correlated with GPP (defined as uptake
positive) (r =-0.7, p <0.01) but not with TER (defined as release positive) (Table 2).
TER, on the other hand, was highly correlated with GPP (r = 0.65, p < 0.05). Apart from
soil water content, which was positively correlated with precipitation (0.76, p < 0.01)
and negatively correlated with radiation (-0.77, p < 0.01), there were no significant
correlations between other climate variables. Global radiation and soil water content
were negatively (-0.73, p < 0.01) and positively (0.62, p < 0.05) correlated with NEE,
respectively. Soil water content was low at high A, and therefore correlated with NEE.
Surprisingly, none of the climate variables showed a significant correlation with the
component fluxes, GPP and TER.
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In contrast to the analysis at annual time scale, carbon fluxes were clearly correlated
with climatic variables at shorter time scales (Fig. 2). These correlations indicate differ-
ent phases of the annual course when interannual variability of the C fluxes was tightly
coupled to certain climate variables. GPP was highly correlated with T, (r > 0.69,
p < 0.01) throughout the entire year except during part of the summer (Fig. 2a), when
soil water content controlled the interannual variability. The correlation between GPP
and T,;, was highest (r > 0.8, p <0.01) around leaf flush in April and senescence in
October, indicating that the onset of the phenological phases and leaf development
was temperature controlled. Radiation was also positively correlated with GPP during
winter, spring and autumn. The correlation decreased after leaf senescence but re-
turned in November, representing the coniferous photosynthesis. Over a large part of
the year, the correlation between GPP and SWC was not significant, possibly because
the deep rooting system could ensure water supply even when the water in the top
soil was depleted. Nevertheless, the trend of increasing correlation during the summer
was obvious and the value peaked in Aug—Sep. The seasonality of temperature regu-
lation on TER was similar to GPP (Fig. 2b). Correlation was positive during the spring,
autumn and winter but turned negative during summer when low SWC seemed to in-
hibit TER. Similar to the analysis at annual time scale, TER and GPP were significantly
correlated during large parts of spring and summer. Because the climate variables
were also inter correlated (Fig. 2c), the attribution of the interannual C flux variability
to specific climatic variables was sometimes difficult, especially for 7, and Ay, which
were significantly correlated during spring and summer. Ay and SWC were in general
negatively correlated and most significantly in June and October.

The comparison of temporal variability of climate variables and carbon fluxes (Fig. 3)
during the average and particular years (1998 and 2008, minimum and maximum in an-
nual NEE) illustrated the seasonal pattern of climate control based on the correlation
analysis (Fig. 2). While T;, was low during 1998 summer (Fig. 3a), higher than average
SWC (Fig. 3c) was accompanied with higher than average TER (Fig. 3f). Following the
summer, low T, and A, (Fig. 3a and b) led to lower GPP during the autumn (Fig. 3e).
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Lower cumulative GPP (Fig. 3h) and higher cumulative TER (Fig. 3i) resulted in 1998
the only source year of carbon within the 13 years (Fig. 3i). In contrast, the summer
in 2008 was in general dry but featured a rewetting period around August, the effect of
moisture was also apparent in TER however with a smaller magnitude compared with
1998. TER significantly increased after the rewetting but only reached the average
level. GPP was higher than average during the early summer due to the particularly
high radiation. In 2008 autumn, GPP was also higher than average although the radia-
tion and temperature were slightly above the 13-year average. With higher cumulative
GPP and lower cumulative TER, the annual carbon uptake of 2008 was the highest
within the 13 year period.

3.3 Estimated parameter time series and model predictions

The estimated parameter time series varied between years. During leafed period,
mean light use efficiency was highest in 2000 (0.123 umoICJ_1) and lowest in 2003
(0.093 pmol CJ'1). Maximum photosynthetic capacity (8) ranged between 37.1 (2002)
to 48.8 (2005) pmol Cm™2s™'. For TER related parameters, annual mean base respi-
ration ranged from 4.7 (2002) t0 6.0 (1998) umol C m=2s7". The temperature sensitivity
parameter (EO) ranged between 135.1 (2002) to 191.3 (2008). The seasonal variation
in the parameters was higher than the variation in the annual means (Fig. 4). Light
use efficiency and maximum photosynthetic capacity (Fig. 4a) were approximately one
order of magnitude higher during the growing season than in winter. The sensitivity of
VPD limitation (k) only affected the fluxes during leafed period, when the VPD is above
certain threshold. Therefore, instead of presenting the ensemble mean of the all the
13 years, data from 1998 (wet year) and 2003 (dry year) were presented as examples
(Fig. 4b). In 1998, k was highest around 1.5 during autumn whereas in 2003, it was
highest around 1.8 in early summer. The seasonal variation in the TER related param-
eter was slightly lower (Fig. 4c). On average, r, ranged from 2.7 to 9.2 pmol C m s~
E, ranged from 118 to 265, with the highest values found in autumn.
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Based on the estimated parameter time series and climate data of each year, the
model prediction (Eq. 3) explained on average 83 % of the variance in the annual half-
hourly measured (non gap-filled) NEE (Table 1). Root mean squared error (RMSE)
was highest in 1999 (3.68 umolCm~2s") and lowest in 2002 (2.66 ymolCm™2s™").
Mean absolute error (MAE) ranged from 0.02 to 0.19 umol C m~2s~" in 1997 and 2007
respectively. At an annual time scale, the correlation between gap-filled and modelled
NEE was 0.92. The modelled NEE was lowest in 2008 (-392gC m™2 yr’1) and high-
est in 1998 (55gCm~2yr ') which agreed with the gap-filled fluxes (Table 1). The
discrepancy between gap-filled and modelled NEE was exceptionally large in 2003—
2005, as up to 25 % of the data are missing in these years. While the annual NEE
time series were gap-filled (Pilegaard et al., 2011), the corresponding gaps in the
parameter time series were filled based on linear interpolation between the two ad-
jacent values. Both these uncertainties contributed to this discrepancy. 1AV in the
modelled NEE (1SD = 14290m_2 yr‘1) was 37 % higher than the measured NEE
(1SD = 104gCm~2yr™"). It was also higher than the IAV in the modelled GPP
(1SD = 1269Cm‘2yr_1) and TER (1SD = 117ng‘2yr_1).

3.4 Source of interannual variability in the carbon fluxes

Interannual variation in the modelled NEE differed when either the parameters or the
climate variables were fixed (Fig. 5). When the parameters were fixed, therefore as-
suming the ecosystem status during the 13 years was constant (Fig. 5b), the mod-
elled fluxes NEE,, ranged between —2949gC m~2yr~" in 2009 and —92 gC m2yr
in 2007. When the climate time series was fixed (Fig. 5¢), NEE;;x ranged between
1gng‘2 yr_1 in 1998 and —367ng_2 yr_1 in 2007. The 1AV in the originally mod-
elled fluxes NEEgina (Fig. 5a) was better reproduced when the changes in the param-
eter time series were included. The correlation between the NEEigina and NEE
was 0.89 (p < 0.01). In contrast, correlation between the NEE, .5, and NEE g, Was
not significant. The differences in these modelled fluxes represent the climate and
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parameter effects; these effects can be interpreted as the influence of changes in cli-
mate and ecosystem functional properties, respectively.

The originally modelled annual GPP (13 year mean = 184590m‘2 yr‘1), TER
(164690m'2 yr'1), and NEE (—19990m'2 yr‘1) were used as base lines to evalu-
ate the relative effects of climate and parameters in each year (Fig. 6). Deviation of
the GPPix and GPP,. from these references (Fig. 6a) suggested that the climate

effect ranged between -78gC m~2 yr’1 (2000) to +1 14ng‘2 yr'1 (2009). The pa-
rameter effects on GPP were stronger and ranged between -203gC m~2 yr‘1 (1997)
and +257gC m™2 yr’1 (2004). The climate effect on TER was slightly lower than that
on GPP (Fig. 6b), ranged between +69gC m~2 yr‘1 (2006) to —62gC m™2 yr‘1 (1998).
The parameter effect on TER was most positive in 1998 (+286 g C m™2 yr'1) and most
negative in 2002 (-205gC m~2 yr_1). In general, the climate effects on GPP and TER
compensated for each other, resulting in a reduced effect on NEE. In contrast, in 1999,
2000 and 2006, the direction of these two effects was consistent and led to an ampli-
fied effect on NEE. Similarly, the parameter year effects on GPP and TER were both
favourable for carbon uptake in 2005, 2007 and 2009 and for carbon loss in 1999. The
combined effects of parameter and climate on the 1AV in NEE (Fig. 6¢) agreed well with
the observations (Fig. 1a).

Based on the 13 x 13 matrix of model predictions, where the parameter and climate
time series of each year were applied factorially, analysis of the relative impacts of cli-
mate and parameters indicated that, up to 77 % of the variance in NEE was attributable
to the interannual variation in the parameter time series (Fig. 7). GPP was more sen-
sitive to variation in climate than TER. In general, the percentage of the total variance
in the carbon flux caused by climate variability increased as the integrated time period
reduced. At a daily time scale, climate variability accounted for more than 65 % of the
variation in GPP and NEE. The estimated effect of climate variability on TER was very
low (25 %), even at the daily time scale.
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4 Discussion
4.1 Climate variability and average climate change

The correlation analysis between carbon fluxes and climatic variables revealed that
the variations in the mean annual climate could not directly explain the 1AV in the
ecosystem carbon balance. Global radiation and soil water content were significantly
correlated with NEE (Table 2). However, contrary to our expectations, neither Rg nor
SWC were significantly correlated with the gross photosynthesis or total ecosystem
respiration, i.e. the processes that drive NEE. Ecosystem respiration was low in years
with higher radiation (r = —0.44, p > 0.05), which might have strengthened the corre-
lation between Ay and NEE. SWC was low in years with high radiation and was thus
also correlated with NEE. Therefore, despite comparably high correlation coefficients,
these correlations do not represent direct cause-effect relationships between mean an-
nual climate variables and NEE. Rather, they are the result of the combination of the
various controlling mechanisms in different seasons, as illustrated by the correlation
analysis at short time scales.

At shorter time scales, the ecosystem response to climate variability significantly
increased. For more than 80 % of the year, the carbon flux was strongly controlled
(r>0.55, p<0.05) by at least one of the investigated climate variable (Fig. 2). Con-
sidering the variability of all climate variables and the non-linear ecosystem response,
the modelling experiment showed that climate variability accounted for 67 % of the IAV
in NEE at the daily time scale (Fig. 8). As the time of integration increased and the
variability in the climate was averaged over a longer period, its impact on carbon fluxes
was reduced. Apart from the high correlation throughout the year, the dominating cli-
mate variable for carbon fluxes varied in different seasons (Fig. 2). For example, the
response of GPP to temperature was generally positive, but became negative dur-
ing summer due to the confounding effects of low soil water availability. This differs
from boreal ecosystems where temperature was the most limiting factor during sum-
mer (Vesala et al., 2010). The negative correlation between GPP and temperature was
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not a causal relationship but was the result of the coincidence between climate vari-
ables (Fig. 2c); this made the identification of the fundamental underlying mechanism
difficult. Consequently, climate variability affected the net ecosystem carbon balance
through the aggregation of these two opposing fluxes, GPP and TER. Depending on
the response (positive or negative) and sensitivity of GPP and TER to changes in cli-
mate variables, the climatic impact on NEE could either be amplified or attenuated, or
even the direction of the effect reversed. In Fig. 6 we demonstrated that in most years,
the climate effect on GPP and TER tended to compensate for each other, resulting in
a reduced effect on NEE.

The significant seasonality of the ecosystem responses to climatic variability demon-
strated the importance of the seasonal distribution of the changing climate on future
ecosystem carbon balances. Our results show that this Beech forest will be sensitive to
increases in summer drought. Altered precipitation patterns, i.e. increased rainfall vari-
ability rather than changes in total precipitation are likely to affect ecosystem carbon
balances in the future (Knapp et al., 2002). The average climate change will be ac-
companied by increased variability and weather extremes (Easterling et al., 2000a, b).
Climate change projections for Denmark suggest an increase in precipitation will occur,
but mainly during winter, while the likelihood of summer droughts will increase (Chris-
tensen and Christensen, 2007). Our results suggest that in addition to the changes
in average climate, increased climatic variability could alter the ecosystem carbon bal-
ance more strongly, as the climate anomalies are projected to take place predominantly
during biologically active periods.

4.2 Magnitude and uncertainty of the estimated impact of functional change

The 13 year trend of increasing carbon uptake was found to be more strongly driven by
the aggregated effect of parameters than the climatic factors. In addition to the changes
in the maximum photosynthetic capacity and the carbon uptake period (Pilegaard et al.,
2011), we found other photosynthesis and respiration related parameters also changed
in different years and indirectly affected the ecosystem carbon balance. The estimated
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impact of functional change at Sorg was higher than at other sites (Teklemariam et
al., 2010; Richardson et al., 2007; Hui et al., 2003). One possible reason is the dif-
ferent type and structure of the ecosystem. The impact of the functional change was
decreasing in the order: deciduous forest (this study), mixed forest (Richardson et al.,
2007), conifer forest (Hui et al., 2003) and peatland (Teklemariam et al., 2010), imply-
ing a difference in the resistance of these ecosystems towards environmental change
and disturbance. Cross-site studies on |IAV in the ecosystem carbon balance also
found that deciduous forests tend to be more sensitive than evergreen conifer forests
to climate variability (Yuan et al., 2009) and phenological transitions (Richardson et al.,
2010). These differences in the adaptive capacity to changing climate between decid-
uous and evergreen forests may drive shifts in the composition within mixed forests
(Richardson et al., 2010).

The differences in the estimated magnitude of functional changes might also stem
from the method applied. In this study, we used a moving window approach for pa-
rameter estimation, which significantly improved the model prediction (r2 = 83%) and
also increased the proportion of variance that is attributed to the parameter changes,
compared to Richardson et al. (2007), where the model was more complex but the
parameters were kept constant within a year. One clear advantage of our approach
is that it allows for seasonal variability of the model parameters. Therefore, the IAV in
the leaf flush and senescence observed at Sorg (Pilegaard et al., 2011), can be well
represented by the high resolution parameter time series. Jeong et al. (2011) observed
similar phenological shifts over the Northern hemisphere, showing that sub-annual pa-
rameter variability is common in many ecosystems. Therefore, our method could be
potentially applied at other flux sites to evaluate the magnitude of functional change
over larger spatial scale.

The estimated impact of functional change is not without uncertainties, mainly due to
the assumption that functional change is solely represented by the changes in model
parameters. This assumption is challenged by the simplicity of the model structure,
e.g., the temperature regulation of GPP and the SWC regulation of TER were not
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explicitly specified in the model structure. Alternatively, Richardson et al. (2007) ap-
plied a set of environmental scalar functions to adjust the fluxes under sub-optimal
conditions, which was then used for parameter estimation. In this way the estimated
“potential” parameters should be independent from the climate. In our study, instead of
using environmental scalar functions, the parameters of the empirical model were al-
lowed to vary throughout the year by making the parameter estimations within moving
windows. This approach is more flexible and adaptive rather than relying on the validity
of scalar functions. However, this approach might be too flexible and variations in the
meteorological conditions might propagate into variations of the parameter estimates,
if not represented in the simple empirical model. We assessed the uncertainties in the
influence of temperature on GPP (which is not explicitly included in the model) by plot-
ting the simulated daily GPP at light saturation (R, = 1000Wm_2) with T, (Fig. 8a).
A clear relationship between T, and the GPP-related parameters was found when
the whole year data was used, however, during the period when the canopy was fully
developed and LAl was relatively constant (May—Sep), no significant relationship be-
tween T,;, and the GPP was found. This indicates that although we did not explicitly
account for the temperature effect on GPP in the model, it was partly represented by
the model due to the cross correlation between temperature and VPD or temperature
and radiation. Therefore the large part of the correlation between temperature and
parameters, when using the whole data set, are derived from functional changes that
were either caused by or coincided with temperature. In contrast, the TER-related pa-
rameters were not completely independent from SWC, especially during the growing
season (Fig. 8b). Approximately 16 % of the parameter effect on TER could be at-
tributed to variation in SWC (Fig. 8b). We further correlated the parameter effects for
TER (black bar in Fig. 6b) with mean annual SWC (r = 0.38, p > 0.05) and mean SWC
in spring (r =0.08, p > 0.05), summer (r =0.36, p > 0.05), autumn (r =0.49, p > 0.05)
and winter (r =0.01, p > 0.05). Although none of these correlations appeared signif-
icant, the results indicated that part of the SWC effect on TER has been propagated
into the parameters, which has led to a small overestimation of functional change.
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4.3 GPP as a driver of the IAV in NEE

Interannual variation in the NEE in this beech forest was mostly driven by GPP whereas
TER had relatively less influence. This was similar to two deciduous forests in both
boreal and temperate zones (Barr et al., 2002). However, the results of these two
studies differed from the conclusion of a cross-site synthesis of 15 European forests
(Valentini et al., 2000) where respiration was found to determine the spatial variability in
ecosystem carbon balance. According to this synthesis, net carbon uptake decreased
significantly with increasing latitude, whereas total ecosystem respiration increased
and gross photosynthesis tended to be independent of the latitude. These different
findings based on site specific study and cross-site synthesis indicated that although
TER tended to vary significantly and dominate the ecosystem carbon balance over
large spatial scale, its influence on the temporal variability in NEE was much smaller at
site level. For deciduous forests at middle and high latitudes, the variability in GPP was
much stronger and largely controlled the interannual variation in the ecosystem carbon
balance.

TER was highly correlated with GPP, both at annual and sub-annual time scales. Itis
still under debate whether this correlation could be artificial because GPP was calcu-
lated from TER and NEE (Vickers et al., 2009). Lasslop et al. (2010a), however, sug-
gested that only the error in TER that directly propagates into GPP can cause spurious
correlation, a large part of the variability of TER is still independent from GPP, and thus
the correlation between GPP and TER was rather real than spurious. This suggestion
can be supported by using a TER estimate derived from a fit of a respiration model
to nighttime data in combination with a GPP estimate derived using a light response
curve fit to daytime data. In this case the errors in one flux component cannot directly
propagate to the other and the correlation remains high (Lasslop et al. 2010b). A more
likely explanation for the high correlation is partly the covariance of the main drivers of
photosynthesis and respiration, e.g. temperature and radiation. From the physiological
perspective the correlation could be an effect of substrate availability on autotrophic
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(plant activity, i.e. growth respiration and reserve metabolism) and heterotrophic respi-
ration (root exudates and litter fall). This interpretation is supported by an increasing
number of experimental studies, such as tree girdling studies (Hogberg et al., 2001) or
direct and quasi parallel measurement of GPP and TER during daytime with ecosystem
chambers in shrublands (Larsen et al., 2007).

4.4 Possible causes of functional changes

The present study has focused on the consequence of ecosystem functional changes,
rather than their causes. It is difficult to investigate the causes of functional change with
the available data because of (1) the non-linearity of the ecosystem response (Zhou
et al., 2008); (2) different pathways, as more than one type of climate anomaly can
lead to changes in the ecosystem parameters (Richardson et al., 2007); and (3) the
different lengths of the lagged responses. Changes in LAl due to water stress or other
climatic disturbance could be one of the key issues for the functional change (Barr et
al., 2004), however no significant changes in the LAl were observed (Pilegaard et al.,
2011). Increased leaf nitrogen content could explain this phenomenon (Leuning et al.,
1995); however supporting measurements are not available. Other potential influential
factors could be non-structural carbohydrate reserves (Hoch et al., 2003) or transient
litter pools. Vesala et al. (2010) indicated the transient pools of the litter on the forest
floor could be a cause for the Interannual variation in the base respiration. To better
understand these indirect and lagged processes, more targeted observations and data
are needed.

4.5 Implication for mechanistic models

The results of this study suggest that projection of future carbon balance of terrestrial
ecosystems will be significantly improved if the biotic responses to climate variability
and thus functional change could be properly incorporated into mechanistic models.
Migliavacca et al. (2011) demonstrated that the spatiotemporal variability in ecosystem
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respiration can be better modelled when the dynamics in the biotic factors are taken
into account. Modelling IAV in carbon balance has proven difficult (Siqueira et al.,
2006). One important reason is that most parameters are usually kept constant, for ex-
ample, in global models, parameters are usually static for plant functional types (Krin-
ner, 2005; Sitch et al., 2003). Increasing model complexity by adding processes that
enable change in ecosystem state (e.g. nitrogen cycling or dynamics in the microbial
community) could possibly improve the situation. However, this could lead to model
over-parameterization and increase the demand for validation data, thus limiting model
application at large spatial scales. Nevertheless, site level studies clearly show the
necessity for further development of these functional change modules. Thus, using an
alternative approach by establishing empirical functional relationships between param-
eters and independent variables and subsequently embedding them in the model could
be an intermediate solution. Therefore, combining experimental studies, empirical and
mechanistic modelling could elucidate the importance of functional changes when sim-
ulating future terrestrial carbon budgets and potentially improve the prognostic capacity
of the ecosystem models.

5 Conclusions

The process-oriented empirical analysis in this study enabled interpreting interannual
variability in net ecosystem flux through its component fluxes, GPP, TER and their re-
sponses to both climate variability and changing ecosystem functional properties. The
estimated impacts of climate variability and functional change on the processes of car-
bon cycling depended on the temporal scales. Changes in the climate had significantly
stronger control on the carbon fluxes at short time scales but this impact reduced as
the time integral increased. On longer temporal scale, the effect of biotic factors be-
came progressively larger and appeared to dominate the interannual variability in the
ecosystem carbon balance. We found that both the photosynthesis and respiration re-
lated parameters changed between years and were responsible for the observed trend
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of increasing carbon uptake, supplementing the previous results from this site. We
advocate applying the proposed method in other sites with pronounced functional sea-
sonality to explore ecosystem behavior across different functional types. The simple
semi-empirical model could be improved by incorporating the influence of soil water
content on TER. While the importance of functional change was clearly demonstrated,
further investigation of the cause of functional change could contribute to the develop-
ment of mechanistic models and hence reduce the uncertainty in long term projections
of ecosystem carbon balance.
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DTU Climate Centre and the Danish national project ECOCLIM (Danish Council for Strategic
Research).
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Table 1. Mean annual climate variables, gap-filled and modelled NEE and model error statistics balance; climate

for the modified hyperbolic light response model of forest-atmosphere CO, exchange (Eq. 3). variability and

) q
Mean annual climate Gap-filled NEE and Statistics of the model errors 3 functional Change
Year model predictions S
T R,  SWC NEE NEE, o0l N r RMSE  MAE & J. Wuetal.
1997 8.3 118 23 -56 -89 13824 0.79 2.89 0.02 -
1998 7.8 103 27 32 55 15367 0.86 2.81 0.04 Q?
1999 8.7 108 27 -78 -28 14955 0.77 3.68 0.13 ©
2001 7.9 109 26 —-158 -197 16110 0.85 3.08 0.09
2002 8.7 114 26 -157 -198 15764 086 266 0.1 — ! !
2003 8.3 121 21 -116 -205 12848 0.84 3.38 0.1
2004 8.0 110 24 -165 -331 12611 0.81 3.97 0.08 o
2005 8.2 113 22 -209 -299 13075 0.85 3.01 0.17 73 ! !
2006 9.0 109 23 -119 -72 15675 0.82 3.38 0.1 =
2007 9.3 116 NA -229 -344 14910 0.85 3.24 0.19 @
2008 9.2 126 NA -344 -392 16155 0.85 3.17 0.13 o
2009 8.6 125 21 -331 -368 16523 0.85 3.22 0.08 S
Mean 8.5 114 21 -157 -199 14860 0.83 3.21 0.08 )
)
s [N
Air temperature, T,;, (°C) and global radiation, Ry (W m'2) were measured above canopy. Soil water content, SWC = ! !
(%) was measured at 0—10cm, the system broke down temporarily in 2007-2008. Methods for the gap-filling of the -
observed NEE, NEE,s (Cm~2yr™') and modelled NEE, NEE,,4e (9Cm~2yr™") are described in the text. Model
error statistics include, the number of valid observation (N) used for parameter estimation in each year, coefficient of ) ! !
determination (r2), root mean squared error (RMSE) and mean absolute error (MAE). g g
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Table 2. Bivariate correlation coefficients between annual anomalies in NEE, GPP and TER 2
and mean annual climate variables including air temperature (T;), global radiation (A,), soil & J. Wu et al.
water content (SWC) and precipitation (PPT). e
=
QO
NEE GPP TER Tair Ry swc PPT 3 _
NEE 1 -0.7 (%) 0.09 -0.49 -0.73(™) 0.62 (%) 0.08 .
GPP -0.7 (*) 1 0.65() 0.34 0.24 0.34 0.07 ! !
TER 0.09 0.65() 1 -0.06 -0.44 0.14 0.19 O
T i -0.49 0.34  -0.06 1 0.35 -0.15 0.33 § ! !
R -0.73 (*) 024 -044 035 1 -0.77 () -0.3 a
g @,
So ome)  0s 01 o1y -07rey 4 azegy o e RSN
PPT 0.08 0.07 0.19 0.33 -0.3 0.76 (*) 1 T
s [N
Statistically significant correlations are marked with ** (p < 0.01) and * (p < 0.05). - ! !
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Fig. 1. Deviation of NEE, air temperature (T;), global radiation (A,), precipitation (PPT) and
soil water content (SWC) from the 13-year annual average (wide black bar) and daily average
values (grey areas). The daily data was smoothed with a 30 day moving average. The y-axis
gives the standard deviation from the mean (e.g. the annual NEE anomaly in 1998 is about
2 8D above the 13-year average with less uptake of carbon).
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Fig. 2. Bivariate correlation between: (a) periodical GPP integral (30 day moving window)
with periodical mean air temperature (7;), soil water content (SWC) and global radiation (A,).
(b): periodical TER integral with periodical mean climate variables and GPP. (¢): the climate
variables. Dashed horizontal lines indicate different levels of statistical significance (P = 0.05,
0.01 and 0.001). The envelope of the bold line indicates the uncertainties (95 percentile) of
the correlation coefficients, as data of each individual year was excluded from the correlation

analysis.
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Fig. 3. The average (black line) and example years (1998, 2008) in terms of climate (a, b, ¢),
carbon flux (d, e, f) and cumulative carbon flux (g, h, i). All data were smoothed with a 14-day
moving average. Grey lines indicate the maximum and minimum of the value on the same DOY

across the 13 years.
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Fig. 4. (a) Seasonal variation in: light use efficiency, a; maximum photosynthetic capacity, G;
(b) Seasonal variation in k, the scaling parameter of VPD limitation on 5. (¢) Seasonal variation
in: base respiration r, and temperature sensitivity of the respiration, E,. The parameter time
series were presented as an ensemble (mean value) of all the 13 years, except for the k, where
the values in 1998 and 2003 were presented as examples.
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IAV in modeled NEE (g C m?y™)

Fig. 5. Interannual variation in modelled NEE (@) Fgins: Using the original climate and pa-
rameter time series in each of the 13 years; (b) F,ixeq: Parameters kept constant; (€) Fyjisixeq:
climate kept constant. Each value of F,ieq @Nd Fejiiveq r€Presents an ensemble mean value of
the 13 simulations where the parameter, or climate time series from 1997-2009 was applied in

sequence.
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Fig. 6. Effects attributed to climate and parameter on the interannual variation on modelled
GPP, TER and NEE. The values are determined as the difference between the mean of the
original modelled fluxes and those calculated with an ensemble mean value of simulation where
the parameter, or climate time series from 1997-2009 was applied in sequence (F,aixeq @aNd
Fitixeqs Cf- Fig. 5 for NEE).
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IAV explained by climate variability (%)

Fig. 7. Percentage of interannual variation in modelled carbon fluxes caused by climate vari-
ability at different time scales. The error bar represents the standard deviation of the estimates

(cf. Eq. 6).
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Fig. 8. Possible covariance between climate and estimated parameters. (a) GPP at light satu-
ration affected by air temperature. (b) TER at 25 °C affected by soil water content.
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