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[11 The role and relative importance of weather and cutting for the seasonal and inter-
annual variability of the net ecosystem CO, exchange (NEE) of a temperate mountain
grassland was investigated. Eddy covariance CO, flux data and associated measurements
of the green plant area index and the major environmental driving forces acquired during
2001-2006 at the study site Neustift (Austria) were analyzed. Driven by three cutting
events per year which kept the investigated grassland in a stage of vigorous growth, the
seasonal variability of NEE was primarily modulated by gross primary productivity
(GPP). The role of environmental parameters in modulating the seasonal variability of
NEE was obscured by the strong response of GPP to changes in the amount of green plant
area, as well as the cutting-mediated decoupling of phenological development and the
seasonal course of environmental drivers. None of the environmental and management
metrics examined was able to explain the inter-annual variability of annual NEE. This is
thought to result from (1) a high covariance between GPP and ecosystem respiration (Reco)
at the annual timescale which results in a comparatively small inter-annual variation of

NEE, (2) compensating effects between carbon exchange during and outside the
management period, and (3) changes in the biotic response to rather than the
environmental variables per se. GPP was more important in modulating inter-annual
variations in NEE in spring and before the first and second cut, while R.., explained a
larger fraction of the inter-annual variability of NEE during the remaining periods, in

particular the post-cut periods.
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1. Introduction

[2] Atmospheric carbon dioxide (CO,) is responsible for
around 60% of anthropogenic global warming [/ntergov-
ernmental Panel on Climate Change, 2001]. Of the 7 Pg
carbon (C) released on average each year to the atmosphere
through fossil fuel burning, the terrestrial biosphere absorbs
about one third (a similar share is absorbed by aquatic
ecosystems; [Cannadell et al., 2007]). Quantifying the
spatial patterns of the net exchange of CO, (NEE) between
land ecosystems and the atmosphere and projecting how
NEE will be affected by likely future climate and land use is
thus a critical issue in environmental science [Steffen et al.,
1998; Running et al., 1999; Baldocchi et al., 2001] and
requires understanding of the interactions and feedbacks
within the carbon cycle and the way these are influenced by
human interference [Pielke et al., 1998].
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[3] NEE varies on timescales ranging from seconds to
decades [Stoy et al., 2005; Mahecha et al., 2007]: On the
timescale of seconds, fluctuations in incident photosynthet-
ically active radiation (PAR) cause rapid changes in leaf
photosynthesis [Kirschbaum et al., 1997] and turbulent
eddies transfer CO, in and out of the plant canopy
[Denmead and Bradley, 1987]. The diurnal cycle of sun
light and associated changes in environmental drivers (air
temperature, vapor pressure deficit, wind speed) govern the
daily course of NEE. Seasonal changes in NEE reflect the
vegetation phenological development and seasonal changes
in environmental driving forces [Falge et al., 2002a, 2002b].
Inter-annual variations in NEE have most frequently been
attributed to environmental anomalies and the ecosystem’s,
sometimes lagged, response to these [e.g., Barford et al.,
2001; Gu et al., 2003; Morgenstern et al., 2004; Saigusa et
al., 2005; Barr et al., 2006; Dunn et al., 2006; Richardson et
al., 2007]. Decadal variations in NEE have been shown to
result from major disturbances (fire, [Goulden et al., 2006]);
clear-cutting and reforestation, [Kowalski et al., 2004;
Fredeen et al., 2007; Humpreys et al., 2006; Schwalm et
al., 2007] and relate to slow changes in the biogeochemical
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cycling of carbon, nutrients and water. Longer-term trends in
successional changes in species composition [Urbanski et al.,
2007], environmental conditions (e.g., warming, [Oechel et
al., 2000; Dunn et al., 2006]) and low-frequency meteoro-
logical phenomena (e.g., ElI Nino/La Nina, [Baldocchi and
Wilson, 2001; Morgenstern et al., 2004; Saigusa et al.,
2005]; north-atlantic oscillation, [Piovesan and Adams,
2000]) may also cause variations in NEE at longer time-
scales. Our understanding of the variability in NEE across
this wide range of timescales is higher for short (up to daily)
and very long (decadal) timescales, less so for seasonal and
inter-annual variability [Hui et al., 2003; Kucharik et al.,
2006; Richardson et al., 2007; Urbanski et al., 2007].

[4] For managed grasslands, as well as for croplands, an
important source of seasonal and inter-annual variation in
NEE is the frequency, timing and duration of management
practices. Cutting and grazing turns grasslands temporarily
into net sources of CO, [Maljanen et al., 2001; Barcza et al.,
2003; Lohila et al., 2004; Novick et al., 2004; Wohlfahrt,
2004; Marcolla and Cescatti, 2005; Rogiers et al., 2005;
Jaksic et al., 2006; Lawton et al., 2006; Ammann et al., 2007,
Veenendaal et al., 2007]. The amount of CO, lost during and
the duration of the recovery period after cutting vary from a
few g C and several days [e.g., Barcza et al., 2003; Novick
et al.,, 2004] up to 100 g C and one month [Ammann et al.,
2007]. The causes for the observed variability in recovery
from cutting/grazing and the implications for the seasonal
and inter-annual variability in NEE have received little
attention up-to-date. As shown by Wohlfahrt [2004], current
soil-vegetation-atmosphere-transfer (SVAT) models have
difficulties in accurately simulating the recovery of NEE
after cutting. Such knowledge and respective modeling
capabilities are required for assessing carbon mitigation
options through altered grassland management practices,
such as changes in the frequency and timing of cutting
events or the length, frequency and intensity of grazing
periods.

[5] The objective of the present paper is to quantify the
seasonal and inter-annual variability of NEE of a temperate
managed grassland and to analyze the role and relative
importance of environmental drivers and cutting in deter-
mining this variability. To this end we use six years of eddy
covariance CO, flux measurements made above a mountain
grassland in Austria, which is cut three times per year for
hay production. We hypothesize that (1) cutting, through
modifying the amount of photosynthetically active plant
matter, will be the major control on the seasonal variability
of NEE, and (2) that the inter-annual variability in NEE will
be determined by inter-active effects of both weather and
cutting.

2. Material and Methods
2.1. Site Description

[6] The study site is located at a meadow in the vicinity of
the village Neustift (47°07'N, 11°19'E) in the Stubai Valley
(Austria) at an elevation of 970 m a s 1. in the middle of the
flat valley bottom. The fetch is homogenous up to 300 m to
the east and 900 m to the west of the instrument tower, the
dominant day and nighttime wind directions, respectively.
The average annual temperature is 6.5°C, average annual
precipitation amounts to 852 mm. The vegetation has been
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classified as a Pastinaco-Arrhenatheretum and consists
mainly of a few dominant graminoid (Dactylis glomerata,
Festuca pratensis, Phleum pratensis, Trisetum flavescens)
and forb (Ranunculus acris, Taraxacum officinale, Trifolium
repens, Trifolium pratense, Carum carvi) species. The soil
has been classified as a Fluvisol (FAO classification) and is
approximately 1 m deep. Below a thin (0.001 m) organic
layer, an A horizon, with an organic volume fraction of
approximately 14%, extends down to 0.02 m, followed by
the B horizon, which is best described as a (sandy) loam.
Roots reach down to 0.5 m, but 80% of them are concen-
trated in the upper 0.13 m of the soil.

2.2. Eddy Covariance

[7] Eddy covariance (EC) measurements at this site began
in 2001 and measurements continue as of this writing -
within this paper data from the period 2001-2006 are
presented. The net ecosystem CO, exchange was measured
using the eddy covariance method [Baldocchi et al., 1988]
using the same instrumentation as and following the proce-
dures of the EUROFLUX project [Aubinet et al., 2000]. The
three wind components and the speed of sound were
measured by a three-dimensional sonic anemometer
(R3IA, Gill Instruments, Lymington, UK), CO, mole frac-
tions by a closed-path infra-red gas analyzer (Li-6262, Li-
Cor, Lincoln, NE, USA). Air was sucked from the inlet, a
distance of 0.1 m from the center of the sensor volume of
the sonic anemometer mounted at 3 m above ground,
through a 4 m Teflon tube of 0.004 m inner diameter
through a filter (Acro 50, Gelman, Ann Arbor, MI, USA)
to the infrared gas analyzer (IRGA) at a flow rate of
9 Imin~" (NO35ANE, KNF Neuberger, Freiburg, Germany).
The infrared gas analyzer was operated in the absolute
mode, flushing the reference cell with dry N, from a gas
cylinder at 0.1 1 min~'. Raw voltage signals of the CO,
mixing ratio were output at 10 Hz to the analogue input
of the sonic, where they were synchronized with the
sonic signals, which were measured at 20 Hz. All raw
data were saved to a hard disc of a personal computer for
post-processing using the EdiSol software (University of
Edinburgh).

[8] Half-hourly mean eddy fluxes were calculated as the
covariance between the turbulent departures from the mean
of the vertical wind speed and the CO, mixing ratio using
the post-processing software EdiRe (University of Edin-
burgh). Means and turbulent departures there from were
calculated by Reynolds (block) averaging. The tube induced
time delay of the CO, signal was determined by optimizing
the correlation coefficient with the vertical wind velocity
[McMillen, 1988] within a given time window. A three-axis
co-ordinate rotation was performed aligning the co-ordinate
system’s vector basis with the mean wind streamlines
[Kaimal and Finnigan, 1994]. Finally, frequency response
corrections were applied to raw eddy fluxes accounting for
low-pass (sensor separation, dynamic frequency response,
scalar and vector path averaging, frequency response mis-
match and the attenuation of concentration fluctuations
down the sampling tube) and high-pass filtering following
Moore [1986] and Aubinet et al. [2000]. Experimentally
derived frequency response correction factors, according to
Aubinet et al. [2000, 2001], were used to calibrate and
assess the validity of the theoretical low-pass filtering
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Table 1. Annual Net Ecosystem CO, Exchange (NEE), Gross
Primary Production (GPP), Ecosystem Respiration (Re.,) and Data
Coverage®

NEE, GPP, Reco, Data
gCm2a! gCm2a' oCm~?a' Coverage, %

2001 —42 (+6 + 35) 1497 1455 32
2002 69 (£7 £ 11) 1627 1696 45
2003 49 (+7 £ 13) 1551 1600 36
2004 —23 (7 + 28) 1595 1572 42
2005 67 (£7 £ 21) 1450 1517 39
2006 —11 (&7 £21) 1687 1676 40
Average 18 +£49 1568 + 87 1586 + 92 39+£5

*Numbers in parenthesis refer to random and systematic uncertainty of
annual net ecosystem CO, exchange, respectively. Average + one standard
deviation over the six study years are given in lowermost line.

correction method, as described in detail by Wohlfahrt et al.
[2005].

[s] The net flux of CO, was calculated as the sum of the
corrected vertical eddy term and the storage fluxes, the latter
being estimated from the time-rate-of-change of the CO,
mixing ratio at the reference height between the current and
previous averaging interval, which in a previous compari-
son with a profiling system was found to be sufficiently
accurate. Negative fluxes represent transport from the
atmosphere toward the surface, positive ones the reverse.

2.3. Ancillary Data

[10] Supporting meteorological measurements of rele-
vance to this study included incident photosynthetically
active radiation (PAR) (BF3H, Delta-T, Cambridge, UK),
air temperature (T;,) and humidity at 3 m height and soil
temperature (Tg;) at 0.05 m depth, measured by the means
of a combined temperature/humidity sensor (RFT-2, UMS,
Munich, Germany) and a thermocouple (TCAV, Campbell
Scientific, Logan, UT, USA), respectively, soil heat flux
measured by the means of heat flux plates (3 replicates at
0.05 m depth, corrected for the change in heat storage above
that depth; HFPO1, Hukseflux, Delft, Netherlands), volu-
metric soil water content (ML2x, Delta-T Devices, Cam-
bridge, UK) and precipitation (52202, R. M. Young,
Traverse City, MI, USA). Volumetric soil water content
was converted to relative extractable soil water (REW) by
normalizing between the water content at field capacity
(100% REW) and the wilting point (0% REW), which were
determined from water retention curve analysis [Hillel,
1980].

[11] The green plant area index (GAI the area of green
plant matter per ground area) was assessed (1) in a destruc-
tive fashion by clipping of square plots of 0.09 m* (3—5
replicates) and subsequent plant area determination (Li-3100,
Li-Cor, Lincoln, NE, USA) and (2) from measurements of
maximum canopy height which was related to destructively
measured GAI using the following relationship:

1107 A

L[ =—"""
0.64 + h

(* =0.89), (1)

where L is the GAI (m*> m™?) and 4 is the canopy height
(m). Continuous time series of the GAI were derived by
fitting sigmoid and quadratic functions to measured data
separately for each growing phase before and after the third
cut, respectively.
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[12] Snow cover duration was determined from weekly
site visits and measured time courses of albedo and soil heat
flux, which changed markedly with the presence/absence of
SNOW cover.

2.4. Quality Control, Gap-Filling, Uncertainty
Analysis, Statistics

[13] Half-hourly flux data were screened for validity by
removal of time periods with (1) the CO, signal outside a
specific range, (2) the coefficient of variation for CO,
mixing ratio and pressure within the IRGA outside a
specific range, (3) the third rotation angle exceeding +10°
[McMillen, 1988], (4) the stationarity test for the CO, flux
exceeding 60% [Foken and Wichura, 1996], (5) the
deviation of the integral similarity characteristics larger
than 60% [Foken and Wichura, 1996], and (6) the
maximum of the footprint function [Hsieh et al., 2000]
outside the boundaries of the meadow [cf. Novick et al.,
2004]. In order to avoid the potential underestimation of
nighttime ecosystem respiration during calm and stable
conditions [Gu et al., 2005], nighttime NEE data were
excluded when friction velocity (ux) was below 0.2 m 5!
[Wohlfahrt et al., 2005]. Together with gaps due to failure of
the PC logging system, these quality control measures led to
the exclusion of 59 (47) % of all possible (vegetation period
only) data (Table 1).

[14] In order to derive continuous time series of NEE,
required for calculating the annual balance of NEE, the
following gap filling procedure was employed at Neustift:
Gaps less than two hours were filled by linear interpolation.
Larger gaps were filled by means of functional relationships
between NEE and T, (using Arrhenius-type relationships)
and PAR (using Michaelis-Menten-type relationships) dur-
ing nighttime and daytime, respectively. In the presence of
snow cover, CO, fluxes were noisy and the variability of
soil temperature was too small for deriving defensible
relationships with NEE and thus an average NEE value
was used for gap-filling during winter. An uncertainty
analysis, accounting for both random and systematic errors
[Moncrieff et al., 1996], was conducted in order to obtain
confidence intervals for the annual CO, balances. Details on
the uncertainty analysis are provided in the Appendix.

[15] Ecosystem respiration (R..,) was estimated from
nighttime NEE measurements and for daytime conditions
by extrapolating these using the functional relationships
with soil temperature also used for gap-filling (see above).
Gross primary production (GPP) was calculated as GPP =
—NEE + Rg,. The inter-annual variance of NEE was
decomposed into the variance of GPP, R, and the covari-
ance between GPP and R, according to

Var(FNEE) = Var(FGPP) + Var(FRecr)) - zcovar(FGPPyFReco):

(2)

where Fygg, Fopp and Fg,., refer to NEE, GPP and R,.

3. Results
3.1. Environmental Conditions and Canopy
Development

[16] The six-year study period was characterized by a
wide range of environmental conditions (Figure 1): The
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Figure 1. Monthly sums of photosynthetically active radiation (PAR), monthly average air temperature

(T,;,), monthly sums of precipitation (P) and monthly average relative extractable soil water (REW).
Lines in the two middle panels refer to monthly long-term (1980—2000) data of air temperature and

precipitation.

warmest years were 2002 and 2003 with annual averages of
7.7 and 7.1°C, respectively, the coldest year was 2005 with
an annual average of 5.6°C. With average annual temper-
atures of 6.3—6.8°C, the remaining years were close to the
long-term (1980-2000) average of 6.5°C. Precipitation
ranged from 582 mm a~' in 2006 to 948 and 984 mm
a~ ' in 2001 and 2002, and was somewhat below the long-
term (1980—2000) average of 852 mm a~' during 2003—
2005 (745-786 mm a” ). Monthly averages of relative
extractable soil water ranged from above 100% in spring
and late autumn, when parts of the soil were frozen, down to
values below 30% in May, August and September 2003,
June 2005 and July 2006 (Figure 1). Following Granier et
al. [1999] in assuming water stress to occur when REW
drops below 40%, 109 days with water stress were counted
during the vegetation period April-September of 2003, for
2004—-2006 this value ranged from 17—35 days, while not a
single day with REW < 40% occurred in 2001 and 2002.
The year with the highest mean VPD of 0.43 kPa was 2003
(2001-2006 average: 0.35 kPa; data not shown). Snow
cover duration (Figure 2) ranged from 93 days (2002) to
128 days (2001). Snow melting dates varied from 7 March
(2003) to 30 March (2005) and increased linearly by
0.2 days for each mm of winter precipitation (r* = 0.90, p =
0.01). The permanent winter snow cover established between
18 November (2005) and 20 December (2004). The amount

of GAI ranged from close to nil after snowmelt up to
7.6 m~? m~~ shortly before cutting (Figure 2). The meadow
was cut three times a year, the three cuts taking place between
2 and 16 June, 24 July and 12 August, and 21 September and
28 October. Cutting resulted in an immediate reduction of
GAI down to 0.5-2.0 m~2 m 2 (Figure 2).

3.2. Seasonal Variability in NEE

[17] The grassland acted as a net source of CO, as long as
snow covered the ground (Figures 2—3). After snowmelt,
the meadow continued to emit CO, on a daily basis until it
eventually reached a reversal point (on average after
25 days), when GPP exceeded R.., (Figures 3—4), and
the meadow became a net sink and remained so until the
first cut (Figure 3). The first cut turned the ecosystem into a
net source of CO, and it took GPP on average 16 days to
exceed Reg,, which varied comparably little with time, and
thus the meadow to become (on a daily basis) a net sink for
CO, again (Figures 3—4). This pattern repeated itself after
the second and third cut, although the meadow did not quite
recover from the third cut (Figures 3—4), instead the
grassland kept losing CO, until the continuous winter snow
cover established and then further until the end of the year
(Figure 3). Daily average rates of net CO, uptake and loss
before and after cutting, respectively, decreased from the
first to the third cut (Figure 3). On the basis of these
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Figure 2. Daily average net ecosystem CO, exchange (NEE), gross primary production (GPP),
ecosystem respiration (Re.,) and green plant area index (GAI). Vertical shaded areas indicate cutting
dates. Black horizontal bars in the lowermost panel indicate snow cover duration, the solid line is a

sigmoidal/quadratic fit to measured GAI (symbols).

seasonal patterns, which represent the combined effects of
changes in phenology and anthropogenic interference, we
divided the annual cycle of NEE into several periods:

[18] 1. Wintertime: Delimited by the presence of snow
cover;

[19] 2. Spring: Starts after snowmelt and ends at the
reversal point when the meadow turns, on a daily basis,
into a net sink;

[20] 3. Pre-cut periods: Comprise the periods of daily net
carbon gain preceding the three cutting events and are
referred to as pre-cutl-3;

[21] 4. Post-cut periods: Are assigned the periods be-
tween the cuts and the recovery of the (daily) net sink
capacity and are referred to as post-cutl-3; the post-cut3
period ends with the establishment of the continuous winter
SNOW cover.

[22] During the later parts of the three pre-cut phases,
NEE exhibited signs of saturation and even declined in
some years (Figures 2—3). As shown in Figure 5, this was
due to GPP saturating (and sometimes decreasing) with
increasing GAI. GPP saturated at values of 10.7 and 9.7 gC
m” d~! once GAI exceed 3 m* m 2 before the first and
second cut, respectively, and at a value of 7.0 gC m> d~!
before the third cut once GAI exceed 2 m® m~* (Figure 5).
The seasonal decrease in saturation GPP was related to day
length, which decreased from around 18 to 13 h between the

first and third cut, respectively. After the third cut, the GAI
did not exceed 4 m? m~? (Figure 2) and no saturation was
observed (Figure 5).

[23] The response of NEE, GPP and R.., to the main
environmental drivers changed with time during and varied
substantially between the various periods - patterns were
more conclusive for GPP and R, as opposed to NEE, as
well as for PAR as opposed to T, VPD and REW
(Figure 6): The correlation between GPP and PAR was
poor shortly after snowmelt and the cuts and then quickly
increased with the developing GAI (Figure 6). The correla-
tion between NEE and PAR largely mirrored the one of GPP
(Figure 6). R, was significantly positively correlated with
T.ir except for spring, when the correlation was initially
negative; no clear patterns were found for T,;-GPP and T,;-
NEE (Figure 6). VPD was strongly correlated with T,;. (data
not shown) and the response to VPD thus largely mirrored
the one to T, (Figure 6). REW was most of the time
negatively related to GPP and R, (Figure 6), which
reflected the inverse correlation to PAR, T,;. and VPD (data
not shown).

3.3. Inter-Annual Variability in NEE

[24] Annual NEE varied from —42 gCm 2 a" ' to +69 gC
m 2 a ', with a six-year average NEE of +18 + 49 gC m >
a~!' (Table 1 and Figure 3). The random and systematic
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Figure 3. Cumulative net ecosystem CO, exchange (NEE, uppermost panel), daily average NEE
(middle panel), and (co)variance of daily average NEE and its components (lowermost panel) during
various periods (refer to text). Numbers in lowermost panel indicate the coefficient of variation of NEE.
For the decomposition of the variance of NEE into its components refer to equation (2).

uncertainties of these numbers varied between 6—7 and 11—
35 gCm 2a !, respectively (Table 1). The annual NEEs of
2001-2003 and 2005 may thus be regarded significantly
different from zero. Annual ecosystem respiration varied
between 1455—1696 gC m 2 a~', gross primary production
between 1449—1687 gC m 2 a~' (Table 1).

[25] The inter-annual variance of daily average NEE was
in all periods but spring and post-cutl dominated by the
covariance between GPP and R.., (Figure 3) which was
positive and thus acted to reduce the variance in NEE
(equation (2)). The variance of daily average GPP exceeded
the one of R, in spring and pre-cutl-2, while the reverse
was true for all post-cut phases and pre-cut3 (Figure 3). The
coefficient of variation of daily average NEE was smallest
during winter (0.05), largest during pre-cut3 (0.52) and
between 0.15—0.29 for all other phases (Figure 3). On the
annual timescale, the covariance term was about twice as
large as the variance of GPP and R, which were of almost
equal magnitude (data not shown).

[26] The most influential periods for annual NEE were
post-cutl and pre-cut3, which explained 45% (p = 0.15) and
47% (p = 0.13) of the variability in annual NEE, respec-
tively - larger carbon losses in post-cutl and larger carbon
gains during pre-cut3 were associated with larger annual
losses and gains, respectively. No significant lagged effects,
i.e., correlations with NEE in antecedent periods or previous
years, could be determined. Snow cover duration and

cardinal dates, such as the timing of snowmelt, the estab-
lishment of the continuous winter snow cover, the cuts, the
duration of the inter-cut periods, and the duration between
snowmelt and first cut and the third cut and the establish-
ment of the continuous winter snow cover all explained less
than 30% of the inter-annual variability of NEE (data not
shown). As shown in Figure 7, snowmelting dates though
explained significant fractions of the inter-annual variability
in NEE before the first cut: While wintertime CO, losses
were smaller for early snowmelting dates, carbon losses
were larger during spring and NEE was less negative during
pre-cutl in years with earlier snowmelts (Figure 7). Up to
the first cut, the positive effect of early snowmelts on
wintertime carbon losses was thus outweighed by smaller
carbon gains thereafter, leading to an increase (i.e., smaller
net carbon gain) in cumulative NEE by 1.5 gC m™ for each
day snowmelt occurred earlier.

[27] Environmental control on the inter-annual variability
in NEE and its two component processes, GPP and R, is
explored in Table 2, which shows the results of a linear
correlation analysis: On an annual timescale, the only
significant correlation was found for R..,, which increased
significantly with T, but as GPP increased with Ty, as
well, no significant effect on NEE was found (Table 2). No
significant relationships could be found between annual
NEE and environmental controls during the various periods
(data not shown). Broken down to the timescale of the
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Figure 6. Correlation coefficients (r) between photosynthetically active radiation (PAR), air temperature
(Tair), vapor pressure deficit (VPD) and relative extractable soil water (REW) and daily average net
ecosystem CO, exchange (NEE, upper panels), gross primary production (GPP, middle panels) and
ecosystem respiration (Re.,, lower panels). The periods shown are: snowmelt to first cut (dash/dot line),
first to second cut (solid line), second to third cut (dotted line) and third cut to beginning of snow cover
(dashed line). Correlation coefficients were calculated using five-day moving windows (i.e., n = 20) and
are significant at p < 0.05 when |r| > 0.44. Correlations with soil temperature are both quantitatively and
qualitatively similar to T, and are thus not shown.
various periods, Ty;, was the variable which most frequently the ecosystem’s response to these [Stoy et al., 2005;

yielded significant correlations, followed by PAR and REW,
and VPD. The only significant correlation for NEE was
found during post-cutl, when it increased with T, (Table 2).
GPP was negatively correlated with T,; during spring and
positively before and after the third cut. During pre-cut3
T.ir was positively correlated with PAR (as well as VPD)
and negatively with REW, resulting in a positive and
negative correlation of these two environmental variables
with GPP, respectively (Table 2). R, was positively related
to temperature during all post-cut periods as well as during
pre-cut3 (Table 2), when the auto-correlation between Ty,
and the other environmental variables resulted in the same
correlation pattern observed for GPP. The same reasoning
holds for the correlation between R, and REW and PAR
during post-cut2 and post-cut3, respectively (Table 2).

4. Discussion

[28] The seasonal and inter-annual variability of NEE
reflects the variability of the governing environmental
forcing variables at these timescales, as well as changes in

Richardson et al., 2007]. Through modifying the amount
of photosynthetically active plant matter, cutting and graz-
ing fundamentally alter how grassland ecosystems respond
to environmental forcings [Wohlfahrt, 2004; Nieveen et al.,
2005; Rogiers et al., 2005] and thus have the potential to
modulate the seasonal and inter-annual variability of NEE.
The objective of the present paper is to examine the role
and relative importance of weather and cutting for the
seasonal and inter-annual variability of the NEE of a
temperate mountain grassland in Austria. To this end we
analyzed eddy covariance CO, flux data and associated
measurements of the GAI and the major environmental
driving forces acquired during 20012006 at the study site
Neustift.

4.1. Seasonal Variability in NEE

[20] The seasonal variability of the NEE of the investi-
gated mountain grassland combined features typical for
natural ecosystems (which we define here as ecosystems
not managed on an annual or finer timescale), but was also
characterized by human-induced, step-change temporal pat-
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terns typical for agricultural ecosystems [Falge et al.,
2002a, 2002b].

[30] No management activities occurred at the site be-
tween the establishment of the continuous snow cover in
late autumn and the first cut in early summer (i.e., the
wintertime, spring and pre-cutl periods), except for the
application of manure in late autumn, which had no dis-
cernable influence on NEE though. During these periods,
the seasonal course of NEE was modulated primarily by the
physical environment, such as the presence/absence of snow
(Figure 2) and the seasonal changes in environmental
drivers (Figure 1), and compared well with the progression
from dormancy and associated net CO, losses to active sink

activity observed for natural temperate ecosystems during
that same period [Falge et al., 2002a]. The period of snow
cover was characterized by net losses of CO, to the atmo-
sphere which were small in magnitude (Figures 2—3), but due
to the length of the snow cover period (3—4 months),
accounted for an appreciable fraction of the annual NEE
as found for other high-elevation or -latitude ecosystems
[Aurela et al., 2002; Monson et al., 2002; Lafleur et al.,
2003].

[31] In between the first cut and the establishment of the
continuous snow cover, the most obvious consequence of
the three cuts the grassland is subject to each year, was the
recurrent progression of NEE from CO, source to sink

Table 2. Results (Correlation Coefficients) of Linear Regression Analysis With Daily Average NEE, GPP and R, as Independent and
Daily Average PAR, T, VPD and REW as Independent Variables (*... p < 0.05, **... p < 0.01, *** .. p <0.001; n = 6)"

NEE GPP Reco

PAR Tair VPD REW PAR Tair VPD REW PAR Tair VPD REW

Winter 0.29 —0.64  —0.75 0.24 - - - - 0.29 —0.64  —0.75 0.24
Spring 0.57 0.54 ~0.35 0.21 —0.64 —0.80* 0.10 —0.58 —0.09 —0.41 —0.45 —0.62

Pre-cut] 0.54 0.04 0.26 0.13 —0.63 0.27 0.01 0.00 —0.61 0.45 0.21 0.10
Post-cut] 0.67 0.76* 0.78* —0.07 0.16 0.53 0.19 —0.08 0.57 0.83* 0.67 —0.09
Pre-cut2 —0.57  —064  —022 0.24 0.58 0.70 0.33 031 0.51 0.64 0.35 —0.31
Postcut2  —0.16 0.36 0.25 —0.44 0.40 0.69 0.66 —0.61 0.21 0.83* 0.73 —0.83*
Pre-cut3 0.03 0.04 0.47 —0.34  0.92%*  0.97=*  0.62  —0.78*  0.90**  0.95%*  (.81* —0.91*
Post-cut3 0.44 0.56 0.17 0.09 0.72 0.78* 0.53 —0.58 0.76* 0.84* 0.53 —0.52
Annual —0.18 0.32 0.17 —0.18  —0.05 0.69 0.07 —0.15 —0.15 0.81* 0.18 —0.23

Significant correlation coefficients are shown in bold letters for clarity. Correlations with soil temperature are both quantitatively and qualitatively

similar to Ty;, and are thus not shown.
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which resulted in a characteristic seasonal time course of
NEE (Figure 3) typical for repeatedly cut/grazed grasslands
[Sousanna et al., 2007; Veenendaal et al., 2007]. Cutting
thereby led to a decoupling of the phenological plant
development, which is reinitiated by cutting [Wohlfahrt
and Cernusca, 2002], and the seasonal progression of
environmental conditions. As a consequence, the seasonal
variability of NEE during the vegetation period was mod-
ulated primarily by changes in GPP rather than R..,, which
was much less variable in time (Figure 4). This was
reflected also by the relationships between environmental
drivers and NEE, which largely mirrored the response of
GPP to these drivers (Figure 6). As a further result of this
decoupling, GPP and R.., were strongly out of phase
between the first cut and the establishment of the continuous
snow cover, which is again a typical feature of agricultural
ecosystems [Falge et al., 2002a].

[32] In contrast to many other grassland studies, where
linear increases in GPP with GAI have been found [e.g.,
Suyker and Verma, 2001; Flanagan et al., 2002; Xu and
Baldocchi, 2003; Li et al., 2005], GPP increased in a non-
linear behavior with GAI at Neustift, saturating at values
between 3—5 m® m > GAI (Figure 5). This saturation-type
response is typical for crops [e.g., Suyker et al., 2004, 2005]
and very productive grasslands [e.g., Veenendaal et al.,
2007] and reflects trade-offs between increasing assimila-
tory areca and associated self-shading, as shown with a
detailed canopy photosynthesis model e.g., by Wohlfahrt
et al. [2003].

[33] The response of NEE and its two component process,
GPP and R, to the main environmental drivers changed
rapidly with time, reflecting the active growth of the canopy
(and associated changes in GAI) and thus changes in what
Richardson et al. [2007] termed the ecosystem’s “biotic
response”’. The response of NEE, GPP and R, to the main
environmental drivers also varied substantially between the
various periods, reflecting the above mentioned decoupling
of phenological development and the seasonal progression
of environmental conditions. As in addition, the investigat-
ed environmental parameters were inter-correlated, it was
very difficult to defensibly attribute seasonal changes in
NEE, GPP and R, to certain environmental parameters or
combinations thereof.

4.2. Inter-Annual Variability in NEE

[34] None of the variables looked at in the present paper
was able to explain, in a statistically significant fashion, the
inter-annual variability of annual NEE. The investigated
variables included metrics like the length of the vegetation
period and the snowmelting date (which varied by up to a
month) for which Baldocchi and Wilson [2001], Baldocchi
et al. [2001, 2005], Carrara et al. [2004], Aurela et al.
[2004], among others, found clear correlations with NEE.
Even environmental drivers such as PAR, temperature, soil
moisture and vapor pressure deficit, for which the short-
term response of NEE is well established [Stoy et al., 2005],
did not yield significant relationships at the annual time-
scale. One reason for the failure of weather-based metrics in
explaining the inter-annual variability of NEE may be that
the variance in annual NEE is to be attributed to the biotic
response to rather than the environmental drivers per se
[Hui et al., 2003; Richardson et al., 2007]. In the present
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case, the response to environmental forcings may have been
obscured by inter-annual variations in the timing of the
cutting events and thus the seasonal courses of GAI. Cutting
dates varied by 2—5 weeks, so that for a given time of the
year the ecosystem’s response to environmental drivers may
have greatly differed because of cutting-mediated differ-
ences in GAI. In addition, we observed a high covariance
between GPP and R, at the annual timescale, resulting in a
comparatively small inter-annual variation in NEE [Dunn et
al., 2006; Jacobs et al., 2007; Richardson et al., 2007]. This
covariance also held with regard to the controls by envi-
ronmental drivers, causing annually averaged/integrated
environmental parameters being better predictors of GPP
and R.., than NEE (Table 1). Very weak correlations
between annual NEE and weather-based indices, resulting
from compensating influences of GPP and R, have been
reported also by Reichstein et al. [2007] in an analysis of 23
European flux tower sites. Generally, few studies have
reported statistically significant relationships between an-
nual NEE and single annually integrated/averaged environ-
mental drivers, but rather multiple regression models had to
be used for sufficient predictive power [Saigusa et al., 2005;
Dunn et al., 2006; Barr et al., 2006]. Along this line,
environmental conditions during certain cardinal periods,
as opposed to annually integrated/averaged values, were
generally more successful in predicting annual NEE [e.g.,
Hollinger et al., 2004; Zha et al., 2004], although this did
not apply in the present case.

[35] Contrary to our expectations, the timing of the
cutting events, the time duration between cutting events,
between snowmelt and first cut, and third cut and the
establishment of the continuous snow cover did not yield
significant relationships with annual NEE. Even the
amounts of carbon gained or lost during the various pre-
and post-cut periods, which form part of the annual NEE,
were not significantly correlated with annual NEE. The poor
explanatory power of these management-related metrics
may reflect that cutting, while significantly modulating the
seasonal course of NEE, affects NEE only during approx-
imately half of the year. During the rest of the year
environmental conditions may lead to compensating or
opposing effects as for example in year 2001, which due
sustained carbon losses during the spring period caused by a
late snow fall had the lowest cumulative NEE up to the first
cut. Comparatively large carbon gains after the first and
second cut (Figure 3), however, compensated for this,
causing year 2001 to top out with the highest annual net
carbon gain observed during the six year study. Because the
biotic response to environmental drivers changes abruptly
with cutting [Wohlfahrt, 2004; Rogiers et al., 2005; G.
Wohlfahrt, manuscript submitted, 2007] and because cutting
acts as to decouple weather and phenology, any legacies
from antecedent periods are quickly blurred after cutting.
This became obvious in case of the significant correlation
between snowmelting dates and NEE cumulated up to the
first cut (Figure 7), which was completely lost when the
integration period was extended beyond the first cut. In
natural ecosystems, the effects of early/late snowmelting
often persist and sometimes even dominate annual NEE, as
shown by Aurela et al. [2004] for a subarctic fen (even if the
effect was of opposite sign in this study).
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[36] Several studies have ascribed inter-annual variability
in NEE to variability in either GPP [Janssens et al., 2001;
Griffis et al., 2003; Saigusa et al., 2005; Urbanski et al.,
2007] or Reeo [Goulden et al., 1998; Valentini et al., 2000;
Morgenstern et al., 2004]. While the strong covariance
between GPP and R, prevented us from doing so at the
annual timescale (see above), we found distinct differences
in the control of inter-annual variability of NEE at sub-
annual timescales (Figure 3). Although the covariance

between GPP and R, generally dominated also at these
timescales, GPP was clearly more important in modulating
inter-annual variance in NEE during spring and pre-cutl-2.
Reco explained a larger fraction of the variance in NEE
during pre-cut3 and all post-cut periods, which is remark-
able if we recall that the seasonal dynamics of NEE during
the post-cut periods were driven by rapid changes in GPP
(Figure 4). Since Re, increased significantly with temper-
ature during all post-cut periods, it follows that high
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Figure A2. Random uncertainty [see Hollinger and Richardson, 2005] of the net ecosystem CO,
exchange (NEE) as a function of the absolute magnitude of NEE, separately for daytime (open symbols)
and nighttime (closed symbols) hours of the vegetation period. Lines represent linear best fits with the
following equations: y = 0.04x + 2.80 (day, solid line, r* = 0.47, p = 0.029) and y = 0.21 x + 2.24 (night,

dotted line, r* = 0.97, p < 0.001).
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temperatures after cutting contribute to higher annual CO,
losses, even if this is supported by statistics only during
post-cutl (Table 2). NEE during pre-cut3 not only stood out
by being characterized by the highest coefficient of varia-
tion, in contrast to the other pre-cut periods, its NEE was
also modulated more by R, than GPP (Figure 3). Because
GPP and R.., were driven in the same direction by the
same environmental drivers during this period (Table 2), it
is difficult to unambiguously assess what controlled the
observed large variability in NEE. In any case, NEE during
pre-cut3 explained 47% of the variability in annual NEE
(p = 0.13), and thus constituted not only a climatologically
very sensitive, but also the quantitatively most influential
period for annual NEE.

5. Summary and Conclusions

[37] The NEE of the investigated mountain grassland
combined features typical for both natural and agricultural
ecosystems resulting in characteristic temporal patterns and
complex interactions between phenological development,
cutting and weather conditions. Our results show that the
investigated mountain grassland, under present climate and
management, exhibits a stable near-neutral NEE. Driven by
three cutting events per year which kept the investigated
mountain grassland in a stage of vigorous growth through-
out most of the vegetation period, the seasonal variability of
NEE was primarily modulated by GPP. The role of envi-
ronmental parameters in modulating the seasonal variability
of NEE was obscured by the strong response of GPP to
changes in GAI as well as the cutting-mediated decoupling
of phenological development and the seasonal course of
environmental drivers. None of the weather and manage-
ment metrics examined in the present paper was able to
explain, in a statistically significant fashion, the inter-annual
variability of annual NEE. This is thought to result from
(1) a high covariance between GPP and R, at the annual
timescale which results in a comparatively small inter-
annual variation of NEE, (2) compensating effects between
carbon exchange during and outside the management peri-
od, and (3) changes in the biotic response to rather than the
environmental variables per se. GPP was more important in
modulating inter-annual variations in NEE in spring and
before the first and second cut, while R, explained a larger
fraction of the inter-annual variability of NEE during the
remaining periods, in particular the post-cut periods. Inter-
annual variations in temperature accounted for significant
fractions of the variability in R, suggesting a potential
sensitivity to predicted changes in climate.

Appendix A: Uncertainty Analysis

[38] The random uncertainty of the half-hourly CO, flux
measurements was determined based on measurements
under similar environmental conditions during adjacent
days [Hollinger and Richardson, 2005]. The probability
density distributions of the random CO, flux uncertainty,
which followed a Laplace rather than a normal distribution,
are shown in Figure Al separately for wintertime and the
vegetation period. In accordance with Richardson et al.
[2006] a good linear correlation between the random
uncertainty and the magnitude of NEE was found, which
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was used to estimate the random uncertainty of each valid
half-hourly flux measurement (Figure A2). The random
uncertainty of the parameters of the functional relationships
between NEE and T,,; and PAR was then estimated with
a Simulated Annealing algorithm nested within a boot-
strapping loop with 1000 iterations using the absolute
deviation criterion as the objective function [Hollinger and
Richardson, 2005]. During wintertime the mean CO, flux
uncertainty (Figure A1) was assigned to all measurements.

[39] The largest systematic uncertainty in annual NEE is
due to the potential underestimation of ecosystem respira-
tion during calm nighttime conditions and the choice of the
u« threshold for excluding these. In order to assess the
systematic uncertainty associated with rejecting nighttime
ecosystem respiration measurements according to friction
velocity, we calculated annual CO, balances without filter-
ing for u» and with the default value of 0.2 m s~ ' [Wohlfahrt
et al., 2005] and estimated the systematic uncertainty as the
difference between these two [cf. Morgenstern et al., 2004].
Following recommendations by Moncrieff et al. [1996], we
report the annual NEE and its uncertainty as average +
random uncertainty + systematic uncertainty.
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