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1Institut für Ökologie, Universität Innsbruck, Sternwartestr. 15, 6020 Innsbruck, Austria; 2Institut für Botanik, Universität Basel,
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ABSTRACT

Alpine ecosystems are, similar to arctic ecosystems,

characterized by a very long snow season. Previous

studies investigating arctic or alpine ecosystems

have shown that winter CO2 effluxes can dominate

the annual balance and that the timing and duration

of the snow cover plays a crucial role for plant

growth and phenology and might also influence the

growing season ecosystem CO2 strength and

dynamics. The objective of this study was to analyze

seasonal and annual CO2 balances of a grassland site

at an elevation of 2440 m a.s.l in the Swiss central

Alps. We continuously measured the NEP using the

eddy covariance method from June 2013 to October

2014, covering two growing seasons and one winter.

We analyzed the influence of snow melt date on the

CO2 exchange dynamics at this site, because snow

melt differed about 24 days between the 2 years. To

this end, we employed a process-based ecosystem

carbon cycling model to disentangle the co-occur-

ring effects of growing season length, environmental

conditions during the growing season, and physio-

logical/structural properties of the canopy on the

ecosystem carbon balance. During the measurement

period, the site was a net sink for CO2 although

winter efflux contributed significantly to the total

balance. The cumulative growing season NEP as

well as mean and maximum daily CO2 uptake rates

was lower during the year with the later snow melt,

and the results indicated that the differences were

mainly due to differing growing season lengths.

Key words: Carbon uptake period; CO2 balance;

eddy covariance; high elevation grassland; process-

based modeling; Swiss Alps; winter respiration.

INTRODUCTION

Long-term observations provide evidence that the

earth’s climate is changing. For example, an in-

crease in global average temperature, more fre-

quent and intense extreme climate events, and

decreases in snowpack and snow cover have been

documented (IPCC 2013), although locally these

trends can be reversed especially at high latitudes

or elevation (for example, Beniston and others
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2003). According to the IPCC, these changes can be

attributed to increased anthropogenic emissions of

greenhouse gases (GHG), carbon dioxide (CO2)

being the most important of these GHGs.

Terrestrial ecosystems and the climate system are

closely coupled through the carbon (C) cycle. The

IPCC (2013) estimates that an increase in the C land

sink has accumulated about 30% of the anthro-

pogenic CO2 emissions, reducing increases in the

atmosphere by about 75 ppm between 1750 and

2011. To predict future changes in atmospheric

CO2 and global climate, it is crucial to quantify net

ecosystem exchange of CO2 (NEE) for different

types of ecosystem and to understand how NEE is

affected by CO2 and climate.

Grassland ecosystems cover about 24% of the

terrestrial area (Olson and others 1983) with dif-

ferent climatic conditions and management prac-

tices, and their role in the C cycle cannot be

generalized. Measurements from various sites have

shown that they can act as sources or sinks for CO2

(Gilmanov and others 2010). Within individual

sites, high interannual variability has also been

observed and uncertainties remain as to the factors

controlling the C dynamics in grassland ecosystems.

Moreover, at least within Europe, there is a lack of

data on year-round C fluxes of grassland sites at

very high elevation.

High alpine ecosystems are—similar to ecosys-

tems at high latitudes—characterized by a very long

snow season. Although there is generally no or

very low vascular plant growth during this period,

microbial activity can continue under the snow

pack (Gavazov and others 2017; Monson and oth-

ers 2006; Panikov and others 2006) and for arctic

environments it has been shown that winter CO2

effluxes can dominate the annual CO2 budget

(Aurela and others 2002; Commane and others

2017; Euskirchen and others 2012).

The timing and duration of the snow cover affect

plant growth and performance and, in the long

term, also influence vegetation composition and

sites with a long persistence of snow cover often

support plant communities with lower growth rates

and plant cover (Galen and Stanton 1993; Jonas

and others 2008; Pickering and others 2014;

Walker and others 1994). Spatial variation in snow

cover can lead to productivity gradients or a mosaic

of plant communities even within a small area

when a typical snow cover pattern persists over

time. Short-term responses to changes in the snow

cover are complex and vary geographically and

among plant communities (Humphreys and Lafleur

2011; Wipf and Rixen 2010). For many alpine and

arctic plant species the timing of phenological

events is linked to the timing of snow melt with

earlier snow melt leading to, e.g., advanced flow-

ering (Dunne and others 2003) and higher seed

mass because of more time available for seed

growth (Galen and Stanton 1993), whereas de-

layed snow melt can lead to delayed vegetation

onset, delayed phenological phases, reduced bio-

mass production and reproductive success of some

vascular plants (Cooper and others 2011; Vitasse

and others 2017, 2010) but also to increased pro-

ductivity in forbs (Wipf and Rixen 2010). Negative

impacts of earlier snow melt on growth and pro-

ductivity were also observed and linked to expo-

sure to very cold temperatures without the

insulating effect of snow cover or generally unfa-

vorable spring environmental conditions (lower

incident radiation or temperatures) when plant

development starts (Bokhorst and others 2011;

Galvagno and others 2013; Wipf and others 2009).

A few studies also focused on the effect of snow

melt timing on the C balance of alpine and arctic

ecosystems. Although for some sites an earlier

snow melt led to an increase in the annual net CO2

uptake (Aurela and others 2004; Rennermalm and

others 2005), no or even a reverse trend between

net ecosystem production (NEP) and date of snow

melt was found for others (Galvagno and others

2013; Humphreys and Lafleur 2011; Parmentier

and others 2011). Although an earlier snow melt

can reduce off-season emissions, Galvagno and

others (2013) also observed that an early melt out

date led to lower CO2 uptake rates during the

growing season, which was explained by structural

and functional changes in the canopy (lower leaf

area index (LAI) and chlorophyll content compared

to years with a later snow melt). Humphreys and

Lafleur (2011) also suggested that interannual dif-

ferences in NEP are rather caused by interannual

differences in canopy photosynthetic capacity (i.e.,

photosynthetic capacity derived at the canopy le-

vel, which is a function of LAI and leaf level pho-

tosynthetic capacity).

To analyze the effect of snow melt timing on the

CO2 balance of seasonally snow-covered ecosys-

tems multiple interacting factors have to be disen-

tangled. The snow cover duration dictates the

timing/length for off-season emissions and the

potential length of the growing season. It can

influence the time available for plant development,

but also determines the prevailing environmental

conditions when plant development starts and, to a

certain extent, during the entire growing season.

Finally, the weather conditions during the growing

season directly affect the ecosystem CO2 balance,

Effects of Growing Season Length on NEP 983



which can interact with effects of the snow melt

timing.

To master the multiple confounding factors

influencing the CO2 balance, process-based mod-

eling approaches provide an important tool by

providing complementary information to observa-

tional data, in particular on ecosystem attributes

and processes that might not be directly measure-

able. Combining models and measured data

through estimating model parameters based on the

data by calibration, inverse modeling, or data

assimilation techniques can improve model per-

formance (Williams and others 2005) and the

quantity and quality of the acquired information.

Here, we used the eddy covariance (EC) method

to continuously measure the NEE at a grassland site

in the Swiss central Alps at an elevation of 2440 m

a.s.l. covering two growing seasons in 2013 and

2014. The objectives of this study were to establish

annual and seasonal CO2 balances and to analyze

differences in the canopy photosynthetic capacity

within the footprint of the measurements. In

addition, we made use of a ‘natural experiment’ to

investigate the impact of a delayed melt out on the

net CO2 uptake, because the site became snow free

about 24 days later in the first study year compared

to the second. To this end, we employed a process-

based ecosystem C model based on the DALEC

model (Fox and others 2009; Williams and others

2005), which was calibrated in a Bayesian frame-

work.

We hypothesize (1) that on an annual basis,

constrained by the short growing season, this high

elevation grassland acts as a small sink for CO2 at

the most and (2) that a later spring snow melt de-

creases CO2 uptake because of a shorter growing

season and lower canopy photosynthetic capacity.

MATERIALS AND METHODS

Site Description

The field site is an alpine pasture near Furka Pass

(46� 34¢ 36¢¢ N, 8� 25¢ 17¢¢ E) in the Swiss central

Alps at an elevation of about 2440 m a.s.l. on a

southeast facing slope with an inclination of about

10–15�. Average annual precipitation and annual

mean temperature at a close by location (Gütsch,

17 km NE, 2283 m a.s.l.) were around 1450 mm

and 0.4�C during the period 1981–2010. For the

actual site, year-round meteorological data are only

available since July 2012 and the mean precipita-

tion during July–August from 2012 to 2016 was

270 mm, the mean air temperature during the

same period was 8.3�C. Snow melt usually occurs

in June and the growing season lasts about 2.5–

3.5 months, with occasional snow events possible

year round (Inauen and others 2012). The wind

system is bimodal with westerly winds dominating

during the night, and both, westerly and easterly

winds, occurring during the day. The vegetation

west of the EC tower consists of a Nardus commu-

nity dominated by Nardus stricta and Carex curvula

with some wetter patches of Eriophorum scheuchzeri

and of Deschampsia cespitosa tussocks, whereas to the

east the vegetation is sparser and typical snowbed

vegetation dominated by Alchemilla pentaphyllea,

Salix herbacea, Soldanella pusilla, Gnaphalium supi-

num, and Sibbaldia procumbens predominates. The

soil was classified as partly podzolized alpine brown

earth on siliceous bedrock (Inauen and others

2013).

CO2 Flux Measurements

NEE was measured using the EC method (Aubinet

and others 2000, 2012; Baldocchi 2014). Mea-

surements took place from June 21, 2013–October

8, 2014, covering two snow-free periods. The three

orthogonal wind components and sonic tempera-

ture were measured using a 3-D sonic anemometer

(CSAT3, Campbell Scientific, Logan, UT, USA). CO2

and H2O dry mole fractions were measured using

an enclosed path infrared gas analyzer (IRGA) (LI-

7200, LI-COR Inc., Lincoln, NE, USA) with an in-

take tube of 0.5 m length. The instruments were

mounted at 3.5 m above ground, and data were

sampled at 20 Hz on a data logger (CR5000,

Campbell Scientific, Logan, UT, USA) and stored on

a 2 GB data card. Because of lightning-caused

instrument failure, the LI-7200 was temporarily

replaced by an open-path gas analyzer (LI-7500, LI-

COR Inc., Lincoln, NE, USA) during the period

from August 19–October 8, 2013.

Fluxes were calculated according to commonly

accepted procedures using the software EddyPro

(LI-COR Inc., Lincoln, NE, USA). In brief, CO2

fluxes were derived from the covariance of the

vertical wind speed w and the CO2 dry mole frac-

tion c: Fc ¼ w0c0, where primes denote fluctuations

around the mean and the overbar a time average,

in our case 30 min. Raw data procedures prior to

flux calculation included de-spiking, a double

rotation of wind data as well as the detection and

compensation of time delays in the CO2 signal. Lag

times were estimated for each flux averaging period

by maximizing the covariance between the CO2

signal and the vertical wind component within a

certain window of plausible time lags.
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During winter time the site was not accessible for

extended periods of time (because of high risk of

avalanches in winter 2013/2014), making raw data

storage on the data card impractical. Therefore,

30 min averages of the raw, unprocessed data of all

variables as well as their standard deviations and

covariances were computed and stored by the data

logger from October 8, 2013–July 1, 2014, whereas

during summer half-hourly data were logged as

well as raw data. Covariances calculated from raw

data after the different processing steps were com-

pared to the unprocessed covariances. The post-

processing steps increased the covariance between

the vertical wind speed and the CO2 dry mole

fraction by around 12%, mainly because of the

compensation of the time delay of the CO2 signal.

Therefore, we multiplied the CO2 fluxes calculated

based on half-hourly covariances of unprocessed

data (October 8, 2013–July 1, 2014) with a factor of

1.12.

Low-frequency losses due to the finite averaging

time were corrected according to Moncrieff and

others (2004). Correction for flux spectral losses in

the high-frequency range due to the limited re-

sponse of the instruments, sensor separation, path

averaging, and so on, was done using the method

by Fratini and others (2012). When no raw data

were available, high-frequency losses were cor-

rected according to Massman (2000).

Half-hourly flux data were discarded if the IRGA

or sonic anemometer malfunctioned because of

technical problems or weather conditions (precipi-

tation, dew, snow). Moreover, time periods with

the stationarity test or the deviation of the integral

turbulence characteristics (Foken and Wichura

1996) exceeding 100% were excluded from anal-

ysis.

NEE was calculated as the sum of the vertical

eddy flux and the storage term. The latter was

estimated from the CO2 concentrations based on a

1-point profile at the reference height (> 95% of

all times less than ± 0.15 lmol m-2 s-1).

Nighttime NEE data were excluded when friction

velocity (u*) was below 0.18 m s-1 to avoid

potential underestimation of ecosystem respiration

during stable, calm nights when the assumptions

underlying the eddy covariance method are not

fulfilled. The u* threshold was estimated based on

the Moving Point Test, a method for an objective

threshold determination devised by Gu and others

(2005).

The random uncertainty was estimated based on

the neighboring days approach devised by Hollin-

ger and Richardson (2005) by analyzing the dif-

ference of NEE values collected under similar

conditions (same time of day, half-hourly photo-

synthetic photon flux density (PPFD) values within

100 lmol m-2 s-1, air temperature (Ta) within 3�C,
soil temperature (Ts) within 2�C, relative humidity

(RH) within 20%, and wind speed within 1 m s-1)

on two successive days.

For the analysis, net ecosystem exchange was ex-

pressed as net ecosystemproduction (NEP = - NEE),

whichequals thenet gainor loss ofCby theecosystem

(Reichle 1975), that is, positive values of NEP repre-

sent a net uptake of CO2 by the ecosystem.

Overall, about 60% of the measured flux data

were rejected because of quality criteria. This is a

rather high rate, although it is quite common that

25–60% of eddy covariance data are omitted (for

example, Papale and others 2006; Wohlfahrt and

others 2008). To establish seasonal and annual

budgets, data gaps were filled using common

methodology. Data gaps less than 2 h were filled by

linear interpolation. Longer gaps were filled by

employing the functional relationship between NEP

and soil temperature (Ts, measured at 0.1 m depth)

(Arrhenius-type relationship) for nighttime data

(PPFD = 0) and between NEP and PPFD (Michaelis–

Menten-type relationship, or so-called light re-

sponse curves) for daytime data (PPFD > 0). For

this purpose, the following models were fitted to

biweekly blocks of half-hourly data shifted each

5 days:

NEPnight ¼ a � exp b � Tsð Þ ð1Þ

NEPday ¼ a � PPFD � GPPsat
a � PPFDþ GPPsat

þ Reco ð2Þ

where a (lmol lmol-1) is the quantum yield,

GPPsat (lmol m-2 s-1) the asymptotic value of the

gross primary production (GPP) at high irradiance

(photosynthetic capacity at canopy level), and Reco

(lmol m-2 s-1) the ecosystem respiration, which is

the sum of autotrophic (Ra) and heterotrophic (Rh)

respiration. Because the vegetation differed in the

east and west of the flux tower, a, GPPsat, and Reco

and 95% confidence intervals were also estimated

for the east (wind direction £ 180�) and west

(wind direction > 180�) separately (for the analy-

sis only and not used for gap filling).

During the time with a permanent snow cover,

no clear relationship between NEP and any envi-

ronmental driver was found. Larger gaps were

therefore filled with the mean value for the specific

half-hour estimated from biweekly data blocks

[mean diurnal variation; (Falge and others 2001)].

Based on the seasonal time-series of NEP we

differentiated two phases: the carbon uptake period

Effects of Growing Season Length on NEP 985



(CUP) when the site represented a sink of CO2,

defined as the period when the 5-day mean of NEP

is positive (Galvagno and others 2013; Wohlfahrt

and others 2013), and the period during which the

site represented a source of CO2.

Ancillary Measurements

Meteorological conditions, including air tempera-

ture (Ta) and relative humidity (RH), global radia-

tion (i.e., diffuse and direct solar radiation; Rg),

precipitation (P) and snow height (SH), were

monitored by a weather station set up at 2.4 m

above ground. In addition, soil temperature (Ts) at

0.1 and 0.25 m below ground and soil moisture

(soil water content (SWC) in vol%) at 0.05 and

0.15 m below ground were measured. If not indi-

cated otherwise, Ts at 0.1 m and SWC at 0.05 m

were used. Because photosynthetic active radiation

was not directly measured, PPFD (lmol m-2 s-1)

was approximated as PPFD = 2 * Rg (W m-2)

(González and Calbó 2002). The fraction of diffuse

radiation was estimated using an empirical rela-

tionship between Rg and the clearness index

parameterized based on data from a study site in

the Eastern Alps (Wohlfahrt and others 2016).

Because the area under the snow height sensor

was among the first to become snow free, while the

rest of the field site was still covered by snow, snow

cover duration was determined from webcam

images.

Models

We used a box model based on the Data Assimila-

tion Linked Ecosystem Carbon (DALEC) model

(Fox and others 2009; Williams and others 2005) to

represent the C cycle of the alpine grassland. The

model consists of six C pools that represent the

C content of foliage (Cf), roots (Cr), necromass

(standing dead biomass) (Cn), litter (Clit), and soil

organic matter (Csom). At our grassland site, many

of the dominant species are hemicryptophytes and

therefore the model contains a labile C pool (Clab)

that represents the overwintering buds and sup-

ports leaf formation in spring. The pools are con-

nected via fluxes as illustrated in Figure 1, where A

denotes allocation to a pool, L the litterfall from the

respective pool, and D the decomposition of litter.

It was assumed [similar to Williams and others

(2005)], that

� autotrophic respiration is a fixed fraction of GPP

and that all C fixed during the day is either

respired (autotrophic respiration) or allocated to

one of the plant tissue pools (Cf, Cr, or Clab),

� there is no direct environmental influence on

allocation/litterfall and those fluxes are donor-

controlled with constant rate parameters,

� soil transformations are temperature-sensitive

(see Appendix A) and

� there is no C loss due to herbivory or leaching.

Preliminary data analysis and model runs indicated

that leaf senescence was predominantly driven by

photoperiod, as was found in previous studies

(Körner 2003). Therefore, in the model a minimum

day length threshold, which was estimated during

model calibration, controlled leaf senescence in fall.

For a detailed description of the model equations

see Appendix A.

The daily C input into the system, i.e., GPP, was

calculated as a function of the green plant area

index (GAI, area of green plant matter per ground

area; directly estimated from Cf) by use of a sun/

shade big-leaf model of canopy photosynthesis

based largely on de Pury and Farquhar (1997), with

modifications according to Goudriaan and Laar

(1994), Wang and Leuning (1998) and Smith

(1937) (Appendix B).

The model contained 17 unknown parameters,

and the starting values of the six C pools were also

unknown. Three of the parameters associated with

the GPP model were fixed to values taken from the

literature (Table 1), the remaining 14 parameters

and initial conditions were estimated using

DREAM (Vrugt and others 2009) to reconcile

model output with measured NEP. For this pur-

pose, two data sets of daily values—NEPday and

NEPnight—were generated from the non-gap-filled

data; daily values were calculated for days when at

least 80 and 50% of the half-hourly NEP mea-

surements during day and night were valid,

respectively.

DREAM is a multi-chain Markov Chain Monte

Carlo (MCMC) algorithm for statistical inference of

parameters using Bayesian statistics. A Bayesian

calibration estimates the joint probability distribu-

tion of all parameters conditional on the available

data rather than estimating specific values for each

parameter. This so-called posterior distribution is

computed from the prior distribution of the

parameters and their respective likelihood given

the observed data. The prior distribution is deter-

mined by the information on the parameters prior

to data collection and analysis. The likelihood

function provides a measure of how well the model

fits the data. For most complex process-based

models the posterior distribution cannot be deter-

mined analytically and to estimate the likelihood

the model needs to be run. This can be realized

986 K. Scholz and others



using a sampling method like MCMC, which gen-

erates a random walk through the parameter

search space. The basis of this method consists of

the following steps: first, based on the starting

point, a candidate parameter set is sampled from a

proposed distribution. Then the likelihood is esti-

mated and the candidate is either accepted or re-

jected according to an acceptance probability. If the

candidate is accepted, the chain moves to the new

location; otherwise, it remains in the current

location. Repeating those steps eventually results in

a Markov chain representing the target distribu-

tion. To explore multi-dimensional parameter

spaces rapidly and adequately, multiple chains are

run in parallel and achievement of convergence to

a limiting distribution is estimated (Gelman and

Rubin 1992).

In our case, a uniform prior distribution of the

parameters was used with lower/upper bounds

(given in Table 1) determined based on informa-

tion from the literature and initial test runs of the

model. To account for non-normality,

heteroscedasticity and correlation of model resid-

uals, a common problem in ecological modeling, a

generalized likelihood function (Schoups and Vrugt

2010) was applied and the appropriate residual

error distribution was determined concurrently

with the model parameters. To estimate model

uncertainty due to parameter uncertainty, model

output was generated with 1000 parameter sets

from the posterior distribution and the 97.5 and

2.5% prediction percentiles were calculated. Total

predictive uncertainty was estimated by adding the

modeled residuals based on the estimated residual

error distribution. Collinearity of the model

parameters was checked by computing the corre-

lation matrix of the parameter estimates after the

chains converged to the target distribution.

To investigate the differences between the two

study years, the model was calibrated against NEP

data from the individual years, resulting in two sets

of model parameters (‘para13’ and ‘para14’).

However, the initial condition of the Clab, Cr, Clit,

and Csom pools was set equal for both years, where

the initial magnitude was estimated by calibrating

the model against the entire NEP data set of both

years. The initial magnitudes of Cf and Cn were set

to zero, because simulations commenced before

onset of the growing season.

Subsequently, four forward model runs were

performed, using the two parameter sets and the

environmental conditions of the 2 years in a fac-

torial design (Table 2).

Finally, to analyze the direct effects of growing

season weather during 2013 and 2014 on NEP

without the complication of seasonally changing C

pool sizes, the model was run using each year’s

weather conditions and the 2013 parameters, but

instead of simulating the dynamics of the C pools,

their values were set equal to the C-pool values of

the 2013_para13-model output. Thus, the devel-

opment of the C pools and therefore also GAI was

forced to be identical during both years and dif-

ferences in NEP between the 2 years were only due

to differences in environmental conditions (inci-

dent radiation and temperature). Simulated values

for NEP, GPP, and Reco were analyzed during a

period that was snow free in both years and also

covered the peak uptake phase of the 2 years (July

15–August 15).

Figure 1. Schematic representation of the ecosystem C model. Boxes represent C pools, whereas solid arrows represent

fluxes within [allocation (A), litterfall (L), and decomposition (D)] as well as into (GPP) and out (Ra + Rh) of the system.

GPP is modeled as a function of GAI, which is calculated based on Cf and fed into the GPP model (dotted arrow).
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RESULTS

Environmental Conditions

The seasonal course of incoming global radiation

showed some lower values especially during the

summer months in 2014 compared to 2013 (Fig-

ure 2A), which was due to more foggy and overcast

weather conditions. The mean temperature during

July–August was 8.6�C in 2013 and 6.1�C in 2014.

Highest temperatures were reached around mid–

end of July, well after the summer solstice. July–

August precipitation was 300 and 390 mm in 2013

and 2014, respectively. SWC was slightly lower

during the main growing season in 2013. However,

SWC was never below 17% during the growing

season in both years (Figure 2D), whereas field

capacity was estimated to around 22% indicating

that there was no water limitation (Boyer and Kra-

mer 1995). Ts stayed around zero during the snow-

covered period, but rapidly increased after snow

melt and followed the general course of Ta afterward.

In both years, snow height reached maximum

values of about 1.30 m (Figure 2E). In 2013, the

snow height started to continuously decrease in the

beginning of June and on June 19 the area directly

under the snow height sensor was snow free. In

2014, snow melt already started in the middle of

May and the first snow-free day was registered by

the sensor on June 8. The day when a major part of

the grassland was snow free to a similar extent in

2013 and 2014 determined using webcam images

was July 3, 2013, and June 9, 2014. Thus, there

was a difference of 24 days in snow melt date be-

tween the 2 years.

Net Ecosystem Productivity

Because the vegetation appeared sparser in the east

compared to the west of the measuring tower, NEP

in relation to wind direction was analyzed. During

the measurement period, the wind was mainly

blowing from the east or west, with CO2 uptake

rates being slightly higher in the west (Figure C1 in

Appendix C). Also, the estimated values for GPPsat

were higher in the west, especially in the beginning

of the growing season 2013, whereas the estimated

values for Reco hardly showed a difference (Fig-

ure C2). Comparing the 2 years, GPPsat and Reco

were higher in 2014.

Because the difference between east and west

appeared small, measurements from all wind

directions were pooled for the rest of the analysis.

During the entire measurement period (i.e., two

growing seasons and one winter), the cumulative

NEP was about 160 g C m-2 (Figure 3). Consider-

ing one full year with data coverage, i.e., from July

2013 to July 2014, the site represented a small net

CO2 sink (20 g C m-2).

In both years, the CUP started 14 days after snow

melt and lasted from July 17, 2013–September 26,

2013 (72 days), and from June 23, 2014–Septem-

ber 28, 2014 (98 days). During those periods, about

100 and 150 g C m-2 were taken up with an

average uptake rate of 1.40 and 1.56 g C m-2 d-1,

respectively. The maximum daily NEP of

3.16 g C m-2 d-1 in 2013 was also lower than in

2014 (4.11 g C m-2 d-1). The later start of the CUP

in 2013 is reflected in the monthly balance, where

the cumulative NEP in July was considerably lower

in 2013 than in 2014, whereas the difference be-

tween the 2 years was much lower in the following

2 months (Figure 3).

At the time of snow melt the NEP was about the

same during both years (Figure 4A). Two weeks

after the snow melt date, the mean diurnal varia-

tion of NEP showed a clear pattern of CO2 uptake

during the day and CO2 release during the night,

with slightly higher uptake in 2014 (Figure 4B).

During the peak uptake, which was reached

34 days after snow melt in 2013 and 47 days after

snow melt in 2014, both CO2 uptake and respira-

tory loss were higher in 2014 (Figure 4C), despite

the mean diurnal course of PPFD being lower in

2014 (Figure 4F).

The light response curves also showed higher

CO2 uptake at the beginning of the CUP as well as

during the peak uptake phase in 2014 (Figure C3).

Table 2. Four possible forward model runs using the environmental conditions and the parameter sets of
the two individual years in a factorial design

Model run Model input

Environmental conditions Parameter set

2013_para13 2013 2013

2013_para14 2013 2014

2014_para13 2014 2013

2014_para14 2014 2014
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During the non-CUP between the 2 years, about

90 g C m-2 was released with a mean daily rate of

- 0.32 g C m-2 d-1. Highest CO2 release was ob-

served after the end of the CUP before the perma-

nent snow cover established and directly after snow

melt with a maximum of - 1.49 g C m-2 d-1 after

the end of the CUP 2013. After establishment of the

snow cover, daily CO2 release rates were relatively

stable with an overall declining trend over time

(Figure 5).

Simulation Analyses

To investigate whether the lower C uptake in 2013

was mainly due to the shorter growing season, an

effect of biotic response to spring environmental

conditions, or the direct effect of the weather

conditions during the growing season, the process-

Figure 2. Annual course of A daily sum of global radiation; B daily mean air temperature; C daily mean soil temperature;

D daily soil water content; and E daily snow height for the two study years.
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based ecosystem C model was utilized. Model per-

formance was very good during daytime and sat-

isfactory during nighttime (Nash–Sutcliffe

efficiency (NSE) ‡ 0.9 and ‡ 0.5, respectively

(Moriasi and others 2007); Figure 6). For 2013, the

mean absolute error (MAE) between daytime

model and data values was 0.29 g C m-2 d-1 (slope

of 0.85, intercept of 0.03 g C m-2 d-1; R2 = 0.92;

Figure 6B). For 2014, the MAE was 0.30 g C m-2

d-1 (slope of 0.84, intercept of 0.08 g C m-2 d-1;

R2 = 0.92; Figure 6F). For nighttime values, the

MAE was 0.19 g C m-2 d-1 (slope of 0.6, intercept

of - 0.16 g C m-2 d-1; R2 = 0.52) for 2013 (Fig-

ure 6D) and 0.25 g C m-2 d-1 (slope of 0.6, inter-

cept of - 0.15 g C m-2 d-1; R2 = 0.65) for 2014

(Figure 6H). The estimates for the initial conditions

of the C pools as well as the optimized model

parameters are listed in Table 1.

The correlation analysis indicated high

collinearity between some of the model parameters

(Figure 7). For example, Amax was negatively cor-

related with the allocation rate of NPP to Cf (r =

- 0.8), as was the turnover rate of roots with the

mineralization (r = - 0.9) and decomposition

(r = - 0.7) rates of litter. The allocation rate to Cn
was negatively correlated with the allocation rate

to Clab (r = - 0.7) and the turnover rate of Cn
(r = - 0.7). The fraction of GPP respired was posi-

tively correlated with the fraction of Clab allocated

to Cf (r = 0.7), as was the allocation rate to Clab with

the turnover rate of Cn (r = 0.6). The mineraliza-

tion rate of litter was positively correlated with the

decomposition rate of litter (r = 0.7).

Most parameters were in the same order of

magnitude for the 2 years. However, the allocation

rate to Cf as well as the turnover rate of Cf in 2013

was about twice as large as in 2014. On the other

hand, the turnover rate of Cr was considerably

smaller in 2013 compared to 2014. In fall, the

model parameters showed a lower allocation to Clab
in 2013, while the allocation to Cn was higher

compared to 2014. The allocation rate from Clab to

Cf, and therefore spring start-up, was about three

times larger in 2014 than in 2013. This resulted in a

slightly steeper increase in the simulated GAI dur-

ing the beginning of the growing season in 2014

compared to 2013. However, the maximum GAI

was about the same during both years (2.3 m2 m-2)

and was reached on August 19, 2013, and on

August 9, 2014. These results also compare well

with GAI data from MODIS satellite observations

(ORNL DAAC 2008) of the area around the flux

tower (1 km resolution) (Figure 8).

For all model runs, GAI increased more rapidly at

the beginning of the growing season with 2014

parameters (Figure C4). However, under the same

environmental conditions, the 2013 parameters

resulted in higher maximum GAI, with the highest

value for 2014 environmental conditions and 2013

parameters (2014_para13-simulation).

This pattern was also reflected in the simulated

NEP (Figure 9). In both years, using the 2014

parameters led to a slightly steeper increase in NEP

at the beginning of the CUP, while at the end of the

CUP the cumulative NEP was higher with 2013

parameters when comparing the model output of

the runs under the same environmental conditions.

The maximum daily NEP was 3.2, 2.8, 5.0, and

3.5 g C m-2 d-1 for the 2013_para13-, 2013_

para14-, 2014_para13-, and 2014_para14-model

runs, respectively. The annual cumulative NEP was

about the same for both parameter sets within the

Figure 3. Cumulative NEP during the entire measurement period. Snow cover duration is indicated by the gray bars on

the bottom of the figure. The dotted gray line represents the cumulative NEP of 2014 shifted to the same day (June 21)

when flux measurements started in 2013. The insert shows the monthly CO2 balance.
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same year: the use of either, the para13 or para14

set, resulted in about 35 g C m-2 for 2013 and in

130 g C m-2 for 2014.

Because NEP is simulated as a function of GAI,

Clit, Csom, PPFD, and Ts, the results above reflect the

combined effect of ecosystem status and actual

weather conditions (i.e., differences in peak uptake

could result from both, a difference in ecosystem

status (e.g., GAI, photosynthetic capacity) or a

difference in for example incoming radiation). The

analysis of the direct impact of growing season

weather on NEP, however, showed no effect (data

not shown).

Figure 4. Fourteen-day mean diurnal variation of NEPA–C and PPFDD–F around snow melt (July 3, 2013/June 9, 2014,

left); 2 weeks after snow melt (middle); and during peak uptake (right). Solid lines represent the mean, shaded areas

represent ± one standard deviation of the mean.

Figure 5. Gap-filled daily NEP during the non-CUP. Marker size indicates the fraction of measured data per day. The black

solid line shows the linear regression between NEP and days since the end of the CUP (slope = 8.16 9 10-4 (p � 0.05),

intercept = - 0.43 g C m-2 d-1 (p � 0.05); R2 = 0.08). The snow height is given by the gray bars on the bottom of the

graph.
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DISCUSSION

In high mountain ecosystems, plant development is

very dependent on abiotic factors, for example, the

snow cover plays a crucial role in determining the

potential growing season (Galvagno and others

2013; Inouye and Wielgolaski 2013; Körner 2003;

Wohlfahrt and others 2013). In this study, we used

EC measurements and a modeling approach to

investigate the magnitude and differences in the

NEP of an alpine grassland during two growing

seasons differing 24 days in snow melt date. During

the snow-free season, the grassland was a net sink

for CO2 during both years with total uptake com-

parable to sites at very high elevation, for example,

the Tibetan Plateau (Kato and others 2006), or high

latitude (Humphreys and Lafleur 2011). The time

between snow melt and the start of the CUP was

the same during both years (14 days) indicating

that the onset of vegetation is tightly linked to

snow melt at this site. Despite differences in snow

melt date, peak and end of the CUP were reached

around the same day of the year during both years,

thus leading to a shorter CUP in the year with de-

layed snow melt (2013).

Cumulative NEP during the CUP as well as mean

and maximum daily NEP rates were all higher for

Figure 6. Comparison between measured and simulated day (A, B, E, F) and nighttime (C, D, G, H) NEP during 2013

(upper panels) and 2014 (lower panels). The black line on the right panels indicates 1:1 correspondence, the red line a

linear regression through all data (Color figure online).
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the year with the longer CUP. In contrast to our

results, Galvagno and others (2013) found that an

earlier snow melt led to no change in the cumu-

lative growing season CO2 uptake despite a longer

CUP because of lower CO2 uptake rates during the

elongated CUP. However, they investigated a

grassland at lower elevation where the snow melt

date occurred well before the summer solstice. In

that case, an earlier snow melt date means a shift

toward shorter day length, which has also been

found to cause a lengthening of the period between

snow melt and the start of the CUP (Wohlfahrt and

others 2013).

At high elevation as in our case, the snow melt

usually occurs around the summer solstice and the

determination of the growing season length by the

timing of the snow melt in spring seemed to be the

dominant factor for the growing season ecosystem

CO2 balance.

The end of the CUP was reached well before a

permanent snow cover established and senescence

appeared to be driven predominantly by photope-

riod (peak and end of CUP were reached around

the same day of the year in both years despite

differences in temperatures). Highest CO2 emission

rates were observed directly after the end of the

CUP and also relative high rates directly after snow

Figure 7. Correlation map of the model parameters. The colorbar scale gives the value of the correlation coefficient r for

each variable pair.

Figure 8. Simulated GAI (green line) and GAI from MODIS satellite data (dark green dots; error bars show standard

deviation of the pixels of a 3 9 3 km grid surrounding the flux tower; only pixels classified as grassland under the MODIS

Land Cover Classification are included).
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melt before the start of the new CUP. This result is

in line with findings by Aurela and others (2002)

who observed maximum daily net effluxes before

and after the sink period in a subarctic fen. Com-

mane and others (2017) noted the importance of

winter respiration especially during early winter

when soil temperature is still relatively high in the

arctic.

During the snow season, CO2 release continued

with declining CO2 emission rates over time. Be-

cause of the snow cover, the soil temperature was

decoupled from air temperature and continuously

stayed around - 0.2 to - 0.1�C. Thus, the data

indicate that microbial activity continued under the

snow cover and CO2 fluxes were determined by

substrate limitation (Liptzin and others 2009). Al-

though the average winter flux of - 0.33 g C m-2

d-1 was rather low, winter efflux contributed sig-

nificantly to the annual budget because of the long

snow season at this high elevation.

The modeling results indicated that the site was a

net sink on an annual basis, with a cumulative NEP

of 35 g C m-2 in 2013 and 130 g C m-2 in 2014.

Although the model performed well in simulating

daytime NEP, comparing simulated and measured

nighttime fluxes showed relatively large MAE

compared to the observed data range. This result

could indicate that the chosen model structure does

not fully capture relevant ecosystem processes in a

way that parameters can be optimized for daytime

and nighttime fluxes simultaneously, which could

be improved in future studies. However, when

using the eddy covariance method, nighttime flux

measurements can also be expected to have higher

uncertainty (Aubinet and others 2012) and con-

tributing to higher discrepancies between simu-

lated and measured values. Both, simulated

nighttime and daytime data tended to be underes-

timated. Correcting for this bias resulted in the site

being a slightly larger net sink annually (65 g C m-2

in 2013 and 135 g C m-2 in 2014).

The larger sink in 2014 compared to 2013 re-

sulted from both, a shorter snow season with net

CO2 efflux as well as the longer CUP with a slightly

higher average CO2 uptake rate.

Comparing the simulated NEP of the four model

runs showed that within the same year, that is the

same meteorological forcing, the annual NEP was

about the same for both parameter sets. However,

comparing the 2 years, the NEP was always lower

under 2013 environmental conditions, which were

characterized by the later snow melt and drier and

warmer conditions during the growing season. GPP

and Reco, and therefore NEP, are processes that

depend on weather conditions. Our analysis of the

direct effect of growing season weather on NEP did

not show any significant differences between the

two study years. Thus, the modeling results rein-

force that the lower cumulative CO2 uptake during

the year with a longer persistence of the snow

cover in spring was primarily due to the shortened

growing season.

The simulated GAI also indicated differences in

the development of the canopy between the

2 years. The earlier snow melt in 2014 enabled a

more rapid development of the grassland (i.e., fas-

ter increase in GAI) at the beginning of the growing

season. However, a faster rate during the main

growing season in 2013 led to the maximum GAI

being about the same in both years. Applying the

2013 model parameters under 2014 environmental

conditions (2014_para13-simulation) indicated

that with an elongated growing season the GAI

would have reached a much higher value. How-

ever, a GAI of almost 4 is unrealistic at this site and

is due to not considering other potentially growth

Figure 9. Simulated cumulative NEP using a factorial combination of the environmental conditions and parameter sets of

the two study years to drive the model.
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limiting factors like nutrient availability in the

employed model.

GAI directly influences GPP, because it is a

measure of the photosynthetically active plant tis-

sue. The reason why the simulated annual NEP of

the 2014_para13- and 2014_para14-runs was

about the same, despite the maximum GAI being

considerably higher in the 2014_para13-simula-

tion, is twofold. On the one hand, respiratory losses

were higher for the para13-run. On the other hand,

GPP depends not only on the GAI, but also on the

leaf photosynthetic capacity, which was estimated

to be lower in 2013. This pattern, however, could

also be a result of parameter equifinality—a com-

mon problem in ecological models due to over-

parameterization and poor identifiability of model

parameters (Medlyn and others 2005). The results

of our collinearity test showed high correlation

between several parameters. For example Amax and

the rate of NPP allocated to the foliage pool, which

directly influences the GAI, were highly correlated.

Because no direct measurements of any of the C

pools, GAI, or photosynthetic capacity were avail-

able, model parameters were estimated by fitting

the model only to NEP data and for example mul-

tiple combinations of values for Amax and the

allocation rate to the foliage pool could potentially

lead to an equally good fit. This highlights the fact

that the results for those parameters cannot be

interpreted unambiguously and stresses the

importance of having multiple data sets to improve

model output and reduce parameter uncertainty, as

was also shown by Williams and others (2005). The

results of the parameter optimization and parame-

ter collinearity test can be used to determine which

additional measurements are most valuable to im-

prove modeling results and interpretation of those

results for future studies.

Nevertheless, comparison of simulated C pools

with values from the literature showed good

agreement. C content of alpine grassland soils was

analyzed by Budge and others (2011) at close by

locations, and values of 1800–3150 g C m-2 in the

upper soil layer (0–5 cm) were found with an

estimated proportion of labile C between 71 and

86%. The Csom starting pool of our model, which

primarily represents the labile C content, was esti-

mated as 1500 g C m-2. Dry mass of litter was also

measured by Budge and others (2011) and was

between 800 and 2900 g m-2. Assuming 50% C

per dry matter, this measurement is higher than

the estimated Clitter starting pool of 100 g C m-2.

However, the measurements by Budge and others

took place in fall when litter can be expected to be

at maximum and their values for litter also in-

cluded fine roots.

Above-ground peak biomass at our study site is

estimated to around 200 g dry matter m-2 (E.

Hiltbrunner, personal communication). Data on

below ground biomass are sparse and very uncer-

tain but often assumed to be in the range of or

higher than above-ground biomass, which was for

example also observed for some glacier forefield

species near our study site (Inauen and others

2012). This observation falls well in line with the

estimated Cr (below ground biomass) starting pool

of 120 g C m-2 and maximum simulated Cf (above-

ground biomass) pool of around 100 g C m-2. In-

auen and others (2013) measured peak LAIs of 0.8–

2.6 m2 m-2 for the most abundant vegetation types

in the same study area in 2010, and peak values are

generally reached around the beginning of August.

Our simulated GAI reached peak values of

2.3 m2 m-2 around mid-August.

CONCLUSION

Despite the very short growing season, the inves-

tigated alpine grassland was a net sink for CO2 on

an annual basis because of fast onset and increase

in photosynthetic activity after snow melt. The

combined analysis of NEP measurements and

ecosystem-based model simulations showed that

the snow melt date had a major effect on the sea-

sonal and annual CO2 balance, where the deter-

mination of the length of the growing season by the

snow melt date in spring appeared to be the dom-

inant factor. Thus, ecosystems at this elevation may

benefit from an earlier snow melt leading to higher

C uptake during a longer growing season. This gain,

however, can be overshadowed when a major

advancement of the snow melt date leads to a shift

of the potential start of the growing season toward

a period with shorter days or exposure of the veg-

etation to low temperatures.
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González JA, Calbó J. 2002. Modelled and measured ratio of

PAR to global radiation under cloudless skies. Agricultural and

Forest Meteorology 110:319–25. https://doi.org/10.1016/

S0168-1923(01)00291-X.

Goudriaan J, Laar HH. 1994. Modelling potential crop growth

processes textbook with exercises. Dordrecht: Springer.

Gu L, Falge EM, Boden T, Baldocchi DD, Black TA, Saleska SR,

Suni T, Verma SB, Vesala T, Wofsy SC, Xu L. 2005. Objective

threshold determination for nighttime eddy flux filtering.

Agricultural and Forest Meteorology 128:179–97. https://doi.

org/10.1016/j.agrformet.2004.11.006.

Hollinger DY, Richardson AD. 2005. Uncertainty in eddy

covariance measurements and its application to physiological

models. Tree Physiology 25:873–85.

Humphreys ER, Lafleur PM. 2011. Does earlier snowmelt lead to

greater CO2 sequestration in two low Arctic tundra ecosys-

tems? Geophysical Research Letters 38:L09703. https://doi.

org/10.1029/2011GL047339.

Inauen N, Körner C, Hiltbrunner E. 2013. Hydrological conse-

quences of declining land use and elevated CO2 in alpine

grassland. Journal of Ecology 101:86–96. https://doi.org/10.

1111/1365-2745.12029.

Inauen N, Körner C, Hiltbrunner E. 2012. No growth stimulation

by CO2 enrichment in alpine glacier forefield plants. Global

Change Biology 18:985–99. https://doi.org/10.1111/j.1365-

2486.2011.02584.x.

Inouye DW, Wielgolaski FE. 2013. Phenology at high altitudes.

In: Schwartz MD, Ed. Phenology: an integrative environ-

mental science. Dordrecht: Springer. p 249–72. https://doi.

org/10.1007/978-94-007-6925-0_14

IPCC. 2013. Climate Change 2013: The Physical Science Basis.

Contribution of Working Group I to the Fifth Assessment

Report of the Intergovernmental Panel on Climate Change.

Cambridge University Press, Cambridge, United Kingdom and

New York, NY, USA.

Jonas T, Rixen C, Sturm M, Stoeckli V. 2008. How alpine plant

growth is linked to snow cover and climate variability. Journal

of Geophysical Research 113:G03013. https://doi.org/10.

1029/2007JG000680.

Kato T, Tang Y, Gu S, Hirota M, Du M, Li Y, Zhao X. 2006.

Temperature and biomass influences on interannual changes

in CO2 exchange in an alpine meadow on the Qinghai-Tibetan

Plateau. Global Change Biology 12:1285–98. https://doi.org/

10.1111/j.1365-2486.2006.01153.x.

Körner C. 2003. Alpine plant life: functional plant ecology of

high mountain ecosystems. Heidelberg: Springer.

Körner C. 1982. CO2 exchange in the alpine sedge Carex curvula

as influenced by canopy structure, light and temperature.

Oecologia 53:98–104. https://doi.org/10.1007/BF00377142.

Liptzin D, Williams MW, Helmig D, Seok B, Filippa G,

Chowanski K, Hueber J. 2009. Process-level controls on CO2

fluxes from a seasonally snow-covered subalpine meadow

soil, Niwot Ridge, Colorado. Biogeochemistry 95:151–66.

https://doi.org/10.1007/s10533-009-9303-2.

Massman WJ. 2000. A simple method for estimating frequency

response corrections for eddy covariance systems. Agricultural

and Forest Meteorology 104:185–98. https://doi.org/10.1016/

S0168-1923(00)00164-7.

Medlyn BE, Robinson AP, Clement R, McMurtrie RE. 2005. On

the validation of models of forest CO2 exchange using eddy

covariance data: some perils and pitfalls. Tree Physiology

25:839–57.

Moncrieff J, Clement R, Finnigan J, Meyers T. 2004. Averaging,

Detrending, and filtering of eddy covariance time series. In:

Lee X, Massman W, Law B, Eds. Handbook of micrometeo-

rology, atmospheric and oceanographic sciences library. Dor-

drecht: Springer. p 7–31. https://doi.org/10.1007/1-4020-

2265-4_2

Monson RK, Lipson DL, Burns SP, Turnipseed AA, Delany AC,

Williams MW, Schmidt SK. 2006. Winter forest soil respira-

tion controlled by climate and microbial community compo-

sition. Nature 439:711–14. https://doi.org/10.1038/

nature04555.

Moriasi DN, Moriasi DN, Arnold JG, Liew MWV, Bingner RL,

Harmel RD, Veith TL. 2007. Model evaluation guidelines for

systematic quantification of accuracy in watershed simula-

tions. Transactions of the ASABE 50:885–900.

Olson JS, Watts JA, Allison LJ. 1983. Carbon in live vegetation

of major world ecosystems. U.S: Dept. of Energy.

ORNL DAAC. 2008. MODIS collection 5 land products global

subsetting and visualization tool. Oak Ridge: ORNL DAAC.

https://doi.org/10.3334/ORNLDAAC/1241

Panikov NS, Flanagan PW, Oechel WC, Mastepanov MA,

Christensen TR. 2006. Microbial activity in soils frozen to

below - 39�C. Soil Biology and Biochemistry 38:785–94.

https://doi.org/10.1016/j.soilbio.2005.07.004.

Papale D, Reichstein M, Aubinet M, Canfora E, Bernhofer C,

Kutsch W, Longdoz B, Rambal S, Valentini R, Vesala T, Yakir

D. 2006. Towards a standardized processing of Net Ecosystem

Exchange measured with eddy covariance technique: algo-

rithms and uncertainty estimation. Biogeosciences 3:571–83.

https://doi.org/10.5194/bg-3-571-2006.

Parmentier FJW, van der Molen MK, van Huissteden J, Karsa-

naev SA, Kononov AV, Suzdalov DA, Maximov TC, Dolman

AJ. 2011. Longer growing seasons do not increase net carbon

uptake in the northeastern Siberian tundra. Journal of Geo-

physical Research 116:G04013. https://doi.org/10.1029/

2011JG001653.

Pickering C, Green K, Barros AA, Venn S. 2014. A resurvey of

late-lying snowpatches reveals changes in both species and

functional composition across snowmelt zones. Alpine Botany

124:93–103. https://doi.org/10.1007/s00035-014-0140-0.

Reichle DE. 1975. Advances in ecosystem analysis. BioScience

25:257–64. https://doi.org/10.2307/1296988.

Rennermalm AK, Soegaard H, Nordstroem C. 2005. Interannual

variability in carbon dioxide exchange from a high arctic fen

estimated by measurements and modeling. Arctic, Antarctic,

and Alpine Research 37:545–56.

Schoups G, Vrugt JA. 2010. A formal likelihood function for

parameter and predictive inference of hydrologic models with

correlated, heteroscedastic, and non-Gaussian errors. Water

Resources Research 46:W10531. https://doi.org/10.1029/

2009WR008933.

Smith EL. 1937. The influence of light and carbon dioxide on

photosynthesis. Journal of General Physiology 20:807–30.

Vitasse Y, Rebetez M, Filippa G, Cremonese E, Klein G, Rixen C.

2017. ‘‘Hearing’’ alpine plants growing after snowmelt:

ultrasonic snow sensors provide long-term series of alpine

plant phenology. International Journal of Biometeorology

61:349–61. https://doi.org/10.1007/s00484-016-1216-x.

998 K. Scholz and others

https://doi.org/10.2111/REM-D-09-00072.1
https://doi.org/10.1016/S0168-1923(01)00291-X
https://doi.org/10.1016/S0168-1923(01)00291-X
https://doi.org/10.1016/j.agrformet.2004.11.006
https://doi.org/10.1016/j.agrformet.2004.11.006
https://doi.org/10.1029/2011GL047339
https://doi.org/10.1029/2011GL047339
https://doi.org/10.1111/1365-2745.12029
https://doi.org/10.1111/1365-2745.12029
https://doi.org/10.1111/j.1365-2486.2011.02584.x
https://doi.org/10.1111/j.1365-2486.2011.02584.x
https://doi.org/10.1007/978-94-007-6925-0_14
https://doi.org/10.1007/978-94-007-6925-0_14
https://doi.org/10.1029/2007JG000680
https://doi.org/10.1029/2007JG000680
https://doi.org/10.1111/j.1365-2486.2006.01153.x
https://doi.org/10.1111/j.1365-2486.2006.01153.x
https://doi.org/10.1007/BF00377142
https://doi.org/10.1007/s10533-009-9303-2
https://doi.org/10.1016/S0168-1923(00)00164-7
https://doi.org/10.1016/S0168-1923(00)00164-7
https://doi.org/10.1007/1-4020-2265-4_2
https://doi.org/10.1007/1-4020-2265-4_2
https://doi.org/10.1038/nature04555
https://doi.org/10.1038/nature04555
https://doi.org/10.3334/ORNLDAAC/1241
https://doi.org/10.1016/j.soilbio.2005.07.004
https://doi.org/10.5194/bg-3-571-2006
https://doi.org/10.1029/2011JG001653
https://doi.org/10.1029/2011JG001653
https://doi.org/10.1007/s00035-014-0140-0
https://doi.org/10.2307/1296988
https://doi.org/10.1029/2009WR008933
https://doi.org/10.1029/2009WR008933
https://doi.org/10.1007/s00484-016-1216-x


Vrugt JA, Ter BCJF, Diks CGH, Robinson BA, Hyman JM, Hig-

don D. 2009. Accelerating Markov chain Monte Carlo simu-

lation by differential evolution with self-adaptive randomized

subspace sampling. International Journal of Nonlinear Sci-

ences and Numerical Simulation 10:273–90. https://doi.org/

10.1515/IJNSNS.2009.10.3.273.

Walker MD, Webber PJ, Arnold EH, Ebert-May D. 1994. Effects

of interannual climate variation on aboveground phytomass

in alpine vegetation. Ecology 75:393–408. https://doi.org/10.

2307/1939543.

Wang Y-P, Leuning R. 1998. A two-leaf model for canopy con-

ductance, photosynthesis and partitioning of available energy

I: model description and comparison with a multi-layered

model. Agricultural and Forest Meteorology 91:89–111.

https://doi.org/10.1016/S0168-1923(98)00061-6.

Williams M, Schwarz PA, Law BE, Irvine J, Kurpius MR. 2005.

An improved analysis of forest carbon dynamics using data

assimilation. Global Change Biology 11:89–105. https://doi.

org/10.1111/j.1365-2486.2004.00891.x.

Wipf S, Rixen C. 2010. A review of snow manipulation experi-

ments in Arctic and alpine tundra ecosystems. Polar Research

29:95–109. https://doi.org/10.1111/j.1751-8369.2010.00153.x.

Wipf S, Stoeckli V, Bebi P. 2009. Winter climate change in alpine

tundra: plant responses to changes in snow depth and snow-

melt timing. Climatic Change 94:105–21. https://doi.org/10.

1007/s10584-009-9546-x.

Wohlfahrt G, Hammerle A, Niedrist G, Scholz K, Tomelleri E,

Zhao P. 2016. On the energy balance closure and net radiation

in complex terrain. Agricultural and Forest Meteorology 226–

227:37–49. https://doi.org/10.1016/j.agrformet.2016.05.012.

Wohlfahrt G, Cremonese E, Hammerle A, Hörtnagl L, Galvagno
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