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ABSTRACT

Net ecosystem exchange (NEE) of two contrasting

mountain forest types in Switzerland was measured

by eddy covariance (EC) measurements at a

montane mixed forest, the Lägeren forest, over 5

years (2005–2009), and at a subalpine coniferous

forest, the Seehornwald in Davos, over 12 years

(1997–2009). NEE was validated against annual

carbon (C) storage estimates, based on biometric

and soil respiration measurements as well as soil C

modeling. Three different approaches were used:

(1) calculation of net ecosystem production by

quantifying C pools and fluxes, (2) assessment of

change in wood biomass and soil C storage (DC),

and (3) application of biomass expansion factors.

Although biometric estimates were sensitive to

assumptions made for each method applied, they

agreed well with measured NEE. Comparing

5 years of EC measurements available at both sites

during 2005 and 2009 revealed that NEE, gross

primary production (GPP), and total ecosystem

respiration (TER) were larger at the Lägeren forest

compared to the Davos forest, whereas soil respi-

ration and soil C sequestration were of similar

magnitudes. Both sites showed similar annual

trends for NEE, GPP and TER, but different seasonal

courses, due to different responses to environ-

mental conditions (temperature, soil moisture, and

radiation). Differences in the magnitude as well as

in the seasonality of ecosystem CO2 exchange

could mainly be attributed to tree phenology,

productivity, and carbon allocation patterns, which

are combined effects of tree type (broad-leaved vs.

coniferous trees) and site-specific climatic condi-

tions. Flux differences between the two mountain

sites highlight the importance of considering the

role of altitude in ecological studies and modeling.
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INTRODUCTION

Mountains cover one quarter of the earth’s land

surface, of which 25% are forested (UNEP-WCMC

2009). Mountain forests are expected to be more

strongly affected by climate change than lowland

forests due to their sensitivity to warming (Schro-

eter and others 2005; IPCC 2007; Metzger and

others 2008). In Switzerland, 30% of the land is

currently covered by forests (SAEFL/WSL 2005), of

which 60% grow on mountain slopes steeper than

22� (Braendli 2010). Nevertheless, the Swiss forests

are among the most productive forests in Europe.

They sequester about three times more C per

hectare than the average European forest and 60%

more than the average forest of Central Europe

(SAEFL/WSL 2005; Bolliger and others 2008).

Currently, 142 Mt C are stored in the whole living

tree biomass and 6 Mt C in the dead wood of Swiss

forests (Braendli 2010). The carbon stocks of Swiss

forest soils have been estimated at 120 Mt C (Liski

and others 2002). Thus, the Swiss mountain for-

ests, as they represent two-thirds of the forested

area in Switzerland, have obviously a large poten-

tial to sequester carbon. On the other hand, they

hold huge amounts of C that may be released in

case of further increases in extreme weather events

(for example, heat waves, drought, flooding) as

predicted to occur along with climate change (IPCC

2007).

The dynamics of mountain forests in response to

climatic changes are, however, still very poorly

understood, as most studies on the forest C cycle so

far were conducted in boreal and temperate low-

land forests (for example, Valentini and others

2000; Janssens and others 2003; Luyssaert and

others 2007). But the often-made comparison be-

tween forests growing at high altitudes near the

alpine tree line with those growing at high latitudes

near the arctic timberline is typically flawed by

important differences between environmental

conditions at both extremes. Namely, the presence

of permafrost at the arctic tree line leads to much

shallower rooting depths. In addition, soil infiltra-

tion and risk of droughts may differ strongly be-

tween arctic and alpine localities, and differences in

atmospheric nitrogen inputs due to differences in

remoteness may result in differences in annual

growth rates. In this study, we compare 5 years of

simultaneous eddy covariance (EC) measurements

conducted over two mountain forests that are

representative for their altitudinal range in Swit-

zerland, the Lägeren forest in the Jura Mountain

range at 700 m a.s.l., and the Davos forest in the

Eastern Swiss Alps at 1640 m a.s.l. Altitude can

serve as a proxy for multiple factors characterizing

a forest ecosystem, such as climatic conditions and

growing season length, species composition and

diversity, and the age of the individual trees. We

ask whether productivity and C exchange patterns

of forests can also be interpreted as a function of

altitude.

The productivity of a terrestrial ecosystem can be

assessed by micrometeorological, for example, EC,

or by biometric methods. Half-hourly CO2 fluxes,

measured by the EC technique, integrate over an

entire ecosystem or a representative fraction of an

ecosystem within a certain spatial extent, the so-

called flux footprint. The sum of CO2 fluxes over

longer periods is termed net ecosystem exchange

(NEE) in the following. If measured over the same

time period, the net ecosystem production (NEP) of

a terrestrial ecosystem as can be determined from

biometric measurements of single trees and soil

respiration measurements should equal NEE mea-

sured by EC (Chapin and others 2006), when

measured over short time scales, in the absence of

fire, harvest, deposition and erosion, and under the

assumption that loss or import of dissolved organic

C in the aquatic phase is small (which is at least the

case for forest ecosystems, see Kindler and others

2011).

Net ecosystem exchange, derived from EC, and

NEP, derived from biometric measurements, are

conceptually identical, but methodologically inde-

pendent, and therefore also the sources of error are

independent (Curtis and others 2002). Hence, the

comparison of NEE with NEP helps to validate

estimates of forests C storage (Kominami and oth-

ers 2008; Keith and others 2009; Peichl and others

2010). This is thought to be especially important for

EC measurements over non-ideal terrain, where

uncertainties in EC budgets are expected to be

larger than over flat ground, namely in cases where

advection, intermittent turbulence and mesoscale

effects cannot be neglected (Aubinet and others

2000; Aubinet 2008).

Furthermore, the assessment of the contribution

and dynamics of the C storage of single forest

compartments in relation to NEP helps to explain

observed differences in C uptake patterns between

ecosystems (Ehman and others 2002; Ohtsuka and

others 2009). However, NEP and NEE include

physiological processes that act on a wide range of

time scales. Disagreements between NEP and NEE

on shorter time scales (annually) were so far re-

lated to C storage and allocation processes (Black

and others 2007), which become less prominent as

the length of averaging period increases (Gough
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and others 2008b). To address the possible role of

differences in time scales of the relevant processes

we complemented our EC measurements at both

forest sites with biometric estimates of NEP, which

include a time period of 5 years at the Lägeren and

22 years at the Davos site. Comparing temporal and

spatial variability of the two forests’ net C uptake,

assessed by the two different approaches, we aimed

at (1) validating the C exchange estimates by EC of

both mountain forests, (2) identifying the annual

and seasonal patterns of C exchange of both forests,

(3) explaining possible differences in forest net C

uptake with differences in the individual forest

compartment C pools and fluxes, and (4) relating

possible differences in the C uptake of both forests

to their different altitudinal ranges.

MATERIALS AND METHODS

Study Sites

The study was carried out at the Lägeren forest

(CH-Lae) in the Jura Mountain range and at the

Davos Seehornwald (CH-Dav) forest in the Eastern

Swiss Alps (Table 1). The Lägeren forest is repre-

sentative of the montane zone of the Alps accord-

ing to Ellenberg and Leuschner (2010), which

ranges from region-specific 500 and 800 m a.s.l. up

to 1,500 and 2,000 m a.s.l. The upper boundary is

defined by the distribution limit of closed high

forests. The montane forest zone is dominated by

mixed broad-leaved and coniferous forests with

beech and fir trees. The Davos Seehornwald be-

longs to the subalpine zone, which extends to the

tree line at 2,000–2,100 m a.s.l in this region

(1,700–2,400 m a.s.l. in the Swiss Alps). The term

subalpine coniferous forest as defined for the Al-

pine region often corresponds to the internationally

used term ‘‘high montane forest’’. It is dominated

by spruce and pine trees and is characterized by

trees in loose formation and the occurrence of

krummholz. Continuous EC measurements from

both sites are integrated in the global Fluxnet pro-

ject database, and both sites belong to the Swiss

National Air Pollution Monitoring Network

(NABEL 2010).

Table 1. Environmental Characteristics of the Study Sites Lägeren and Davos

Lägeren Davos

Altitude (m) 682 1,639

Latitude 47�28¢40.8¢¢ N 46�48¢55.2¢¢ N

Longitude 8�21¢55.2¢¢ E 9�51¢21.3¢¢ E

Slope (�) 27

Geographical region Swiss Jura Eastern Alps

Altitudinal zone Montane Subalpine

Mean annual air temperature (�C)1 7.4 3.4

Mean annual precipitation sum (mm)1 1000 1000

Vegetation Mixed deciduous dominated forest Coniferous forest

Dominant tree species Fagus sylvatica L. Picea abies (L.) Karst.

Picea abies (L.) Karst

Fraxinus excelsior L.

Acer pseudoplatanus L.

Tree age of dominant trees (years) F.sylvatica: 52-155 240 (200–390)

P.abies: 105-185

Mean tree height of dominant trees (m) 30.6 25

Max. leaf area index (m2m-2) 1.7–5.5 3.9

Understory Allium ursinum L. Vaccinium myrtillus L.

V. gaultherioides L.

Sphagnum sp.

pH 4.0–7.5 3.5–4.5

Soil type2 Rendzic leptosols Chromic cambisols

Haplic cambisols Rustic podsols

Soil C stock (kg m-2) in 0–20 cm 8.4–9.63 9.2–114

120 year average (1989–2009) calculated from MeteoSwiss (2010).
2After IUSS Working Group WRB (2007).
3Heim and others (2009).
4Jörg (2008).
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The EC flux tower at the Lägeren study site is

located at 682 m a.s.l. on the south facing slope of

the Jura Mountain range, which marks the

northern boundary of the Swiss Plateau. The forest

stand is highly diverse with respect to tree species,

diameter classes and tree age. The most abundant

tree species are the European beech (Fagus sylvati-

ca), ash (Fraxinus excelsior), and Norway spruce

(Picea abies) (Eugster and others 2007). In spring,

bear’s garlic (Allium ursinum) forms a dense

understory. The southern part of the footprint area

has been sustainably managed according to the

forest stewardship council (FSC) since 1998; the

northern part is declared as a nature reserve, where

tree harvesting was discontinued more than a

decade ago. Footprint modeling after Kljun and

others (2004) indicates that EC fluxes include both

parts of the forest in relatively equal parts.

The Davos forest is located in the Eastern Swiss

Alps at a height of 1,639 m a.s.l. The vegetation is

highly dominated by Norway spruce trees (P. abies)

with an only marginal role of larch trees (Larix

decidua) with less than 1% abundance. The

understory consists of dwarf shrubs of Vaccinium

myrtillus and V. gaultherioides and dense moss mats.

Site characteristics of both study sites are summa-

rized in Table 1.

Calculation of the Carbon Balance
of the Forest Sites

For both study sites forest inventory data within

the footprint area of the EC flux tower were

available. NEP from biometric and soil respiration

measurements, as well as NEE from EC measure-

ments were derived. For the Lägeren forest, two

inventories were carried out in 2005 and 2009, and

at Davos three inventories were carried out in

1988, 2006, and 2010. At the Lägeren, EC mea-

surements were available from 2005 to 2009 and at

Davos from 1997 to 2009.

Calculation of the Carbon Pools
and Fluxes for NEP Estimates

The increment of live and dead material was esti-

mated from the change in biomass between two

forest inventories. To convert from tree biomass to

carbon amounts, a fixed proportion of 50% C per

kg of dry biomass was assumed (IPCC 2003).

Tree Volume and Biomass

Tree volume was estimated as a function of diam-

eter at breast height (dbh) at Davos and of dbh,

stem diameter at 7 m height and tree height at the

Lägeren forest. Species and region-specific formulas

were used to convert from dbh to volume of

branches and twigs as given in Table 2. To convert

from total tree volume into biomass, species specific

conversion factors for wood density were applied

according to Assmann (1986), except for Norway

spruce in Davos. Here, analyses of the wood density

of Norway spruce trees at Davos were carried out

and yielded a conversion factor of 0.36 (Table 2).

Foliage and Fruit Production

We used dbh dependent functions to model the

pools of foliage (Perruchoud and others 1999) and

reproductive organs (Thuerig and others 2005).

The gained annual estimates of foliage and repro-

ductive litter for the Lägeren site agreed very well

with measured litter fall (Ruehr and others 2010)

averaged over the years 2006 and 2007 (differ-

ence ± 20 g C m-2 y-1).

Coarse and Fine Root Production

Coarse root biomass of trees was estimated as a

function of dbh (Table 2). Fine root biomass was

calculated as 50% of foliage biomass (de Wit and

others 2006). One main uncertainty in the fine root

biomass calculation was the assumed turnover time

of the fine roots. Very little is known about the

turnover time of fine roots and reported values are

highly variable, ranging from less than 1 year to

decades (for example, Ehman and others 2002; de

Wit and others 2006; Gough and others 2008b;

Peichl and others 2010). Fine root turnover of the

spruce trees at Davos was set to 3.33 years as found

for spruce trees in Norway (de Wit and others

2006). At the Lägeren, fine root turnover was esti-

mated from maximum fine root biomass (sequential

coring) and annual fine root growth (ingrowth

cores) to be 2.53 years (Ruehr, unpublished data).

A recent study report that only 20% of the fine

roots have a lifetime of less than 1 year, and about

80% have a lifetime of a decade or longer (Gaud-

inski and others 2010), which agree quite well with

the turnover rates used in this study.

Understory Production

Understory litter biomass was estimated from earlier

measurements at both study sites (Luescher 1991).

Soil Respiration and its Component
Fluxes

Soil respiration (SR) chamber flux measurements

were performed within the footprint area at the

1292 S. Etzold and others
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ä
g
e
re

n
D

a
v
o
s

R
e
fe

re
n

ce
s

D
e
ci

d
u

o
u

s:
sp

e
ci

e
s

sp
e
ci

fi
c

m
o
d
e
l

p
a
ra

m
e
te

rs
fo

r
b
e
e
ch

,
o
a
k
,

o
th

e
rs

C
o
n

if
e
ro

u
s:

sp
e
ci

e
s

sp
e
ci

fi
c

m
o
d
e
l

p
a
ra

m
e
te

rs
fo

r
sp

ru
ce

,

fi
r,

p
in

e
,

o
th

e
r

S
p
e
ci

e
s

sp
e
ci

fi
c

m
o
d
e
l

p
a
ra

m
e
te

rs
fo

r
sp

ru
ce

d
A

t
1
.3

a
n

d
7

m
A

t
1
.3

a
n

d
7

m
A

t
1
.3

m

H
e
ig

h
t

M
e
a
su

re
d

M
e
a
su

re
d

–

W
D

(k
g

m
-

3
)

B
e
e
ch

:
5
6
0
,

o
a
k
:

5
7
0
,

o
th

e
r:

5
2
0

S
p
ru

ce
:

3
9
0
,

fi
r:

3
7
0
,

p
in

e
:

4
0
0

3
6
0

A
ss

m
a
n

n
(1

9
8
6
)

C
(%

)
5
0

IP
C

C
(2

0
0
3
)

B
E

F
1
.3

2
1
.5

8
1
.6

8
T
h

u
e
ri

g
a
n

d
S
ch

m
id

(2
0
0
8
)

T
O

c
w

(y
)

R
e
g
io

n
-s

p
e
ci

fi
c

m
o
rt

a
li

ty
,

o
b
se

rv
e
d

b
e
tw

e
e
n

N
F
I

II
(1

9
9
3
–
1
9
9
5
)

a
n

d
N

F
I

II
I

(2
0
0
4
–
2
0
0
6
)

B
ra

e
n

d
li

(2
0
1
0
)

T
O

c
r

(y
)

2
1
5

(9
0
%

),
2
5

(1
0
%

)
B

ra
e
n

d
li

(2
0
1
0
)

T
O

fr
(y

)
2
.5

3
1

2
.5

3
1

3
.3

3
2

1
R

u
e
h

r,
u

n
p
u

b
li

sh
e
d

d
a
ta

,
2
d
e

W
it

a
n

d
o
th

e
rs

(2
0
0
6
)

T
O

n
d

(y
)

–
S
p
ru

ce
:

7
,

fi
r:

1
0
,

p
in

e
:

3
7

P
e
rr

u
ch

o
u

d
a
n

d
o
th

e
rs

(1
9
9
9
)

a
B

M
b
o
le

f(
d
b
h

,d
7
,h

)
*W

D
+

V
b
a
rk

f(
d
b
h

,d
7
,h

)
*W

D
+

V
b
a
rk

f(
d
b
h

)*
W

D
,

T
a
ri

ff
fu

n
ct

io
n

K
a
u

fm
a
n

n
(2

0
0
1
)

B
M

b
a
rk

f(
d
b
h

)*
W

D
A

lt
h

e
rr

a
n

d
o
th

e
rs

(1
9
7
8
)

b
B

M
b
ra

n
c
h

f(
d
b
h

,
si

te
e
le

v
a
ti

o
n

)*
W

D
;

sp
ru

ce
=

0
K

a
u

fm
a
n

n
(2

0
0
1
)

b
B

M
tw

ig
s

f(
d
b
h

,
si

te
e
le

v
a
ti

o
n

)*
W

D
K

a
u

fm
a
n

n
(2

0
0
1
)

c
B

M
fo

li
a
g
e

f(
B

M
b
o
le

),
li

tt
e
r

tr
a
p
s

f(
B

M
b
o
le

)*
T
O

n
d
,

li
tt

e
r

tr
a
p
s

f(
B

M
b
o
le

)*
T
O

n
d
,

li
tt

e
r

tr
a
p
s

P
e
rr

u
ch

o
u

d
a
n

d
o
th

e
rs

(1
9
9
9
)

d
B

M
re

p
ro

f(
d
b
h

),
fo

r
d
b
h

>
2
0

cm
T
h

u
e
ri

g
a
n

d
o
th

e
rs

(2
0
0
5
)

e
B

M
c
r

f(
d
b
h

)*
W

D
1

f(
d
b
h

,
st

a
n

d
a
g
e
)*

W
D

2
f(

d
b
h

,
st

a
n

d
a
g
e
)*

W
D

2
1
W

u
tz

le
r

a
n

d
o
th

e
rs

(2
0
0
8
)

2
W

ir
th

a
n

d
o
th

e
rs

(2
0
0
4
)

f
B

M
fr

5
0
%

B
M

fo
li

a
g
e

*T
O

fr
d
e

W
it

a
n

d
o
th

e
rs

(2
0
0
6
)

g
B

M
u

st
o
ry

L
it

te
r

tr
a
p
s

L
u

e
sc

h
e
r

(1
9
9
1
)

S
R

C
h

a
m

b
e
r/

m
o
d
e
li

n
g

R
u

e
h

r
a
n

d
o
th

e
rs

(2
0
1
0
)

h
R

h
C

h
a
m

b
e
rs

/m
o
d
e
li

n
g

L
is

k
i

a
n

d
o
th

e
rs

(2
0
0
9
),

R
u

e
h

r
a
n

d
B

u
ch

m
a
n

n
(2

0
1
0
)

i
so

il
C

Y
a
ss

o
0
7

so
il

m
o
d
e
l

L
is

k
i

a
n

d
o
th

e
rs

(2
0
0
9
)

N
P
P

a
+

b
+

c
+

d
+

e
+

f
+

g
C

u
rt

is
a
n

d
o
th

e
rs

(2
0
0
2
)

1
N

E
P
*

N
P
P
-i

C
u

rt
is

a
n

d
o
th

e
rs

(2
0
0
2
)

2
D

C
a

+
b

+
e

+
j

C
u

rt
is

a
n

d
o
th

e
rs

(2
0
0
2
)

3
N

E
P

B
M

B
M

(t
+

D
t)

-
B

M
(t

)
+

j

4
N

E
P

B
E

F
N

E
P

B
E

F
(t

+
D

t)
-

N
E

P
B

E
F
(t

)
+

j
B

ra
e
n

d
li

(2
0
1
0
)

5
N

E
E

E
C

A
u

b
in

e
t

a
n

d
o
th

e
rs

(2
0
0
0
),

B
a
ld

o
cc

h
i

(2
0
0
8
)

F
or

m
u

la
s,

fa
ct

or
s,

a
n

d
re

fe
re

n
ce

s
u

se
d

fo
r

th
e

ca
lc

u
la

ti
on

of
vo

lu
m

e,
b
io

m
a
ss

,
a
n

d
ca

rb
on

co
n

te
n

t
of

se
ve

ra
l

tr
ee

co
m

p
on

en
ts

,
w

it
h

d
d
ia

m
et

er
;

d
b
h

d
ia

m
et

er
b
re

a
st

h
ei

gh
t;

W
D

w
oo

d
d
en

si
ty

;
B

M
b
io

m
a
ss

;
T

O
tu

rn
ov

er
ra

te
in

ye
a
rs

;
S
R

so
il

re
sp

ir
a
ti

on
;

R
h

h
et

er
ot

ro
p
h

ic
so

il
re

sp
ir

a
ti

on
;

B
E

F
b
io

m
a
ss

ex
p
a
n

si
on

fa
ct

or
s;

cw
co

a
rs

e
w

oo
d

(>
7

cm
,

in
cl

.
co

a
rs

e
ro

ot
s

>
2

cm
a
n

d
b
a
rk

);
cr

co
a
rs

e
ro

ot
s

(>
5

m
m

a
n

d
<

2
cm

);
fr

fi
n

e
ro

ot
s;

re
p
ro

re
p
ro

d
u

ct
iv

e
or

ga
n

s;
u

st
or

y
u

n
d
er

st
or

y;
t

p
oi

n
t

in
ti

m
e

of
b
io

m
a
ss

in
ve

n
to

ry
;
D

t
ti

m
e

p
er

io
d

b
et

w
ee

n
tw

o
in

ve
n

to
ri

es
.

Carbon balance of two mountain forests 1293



Lägeren site from 2006 to 2009 (Ruehr and others

2010), and at the Davos site from 2008 to 2009

(for details see Table 3). Because the Lägeren

study site is rather heterogeneous, 16 plots were

established, accounting for the two main soil types

and associated vegetation characteristics. At the

Davos study site, which is quite homogeneous,

four plots were established in the EC footprint area

in 2008 and one additional plot was added in 2009

(=SRmanual). In addition, each site was equipped

with an automated SR chamber (=SRautomated).

Details about experimental set-up, measurement

routine and partitioning of root and microbial

respiration flux at the Lägeren site are described in

Ruehr and others (2010) and Ruehr and Buch-

mann (2010). At the Davos forest, respiration

measurements were performed accordingly. Be-

cause root density and stone content were much

higher at Davos than at Lägeren, careful soil re-

moval was impossible and a slightly different root

exclusion approach was applied for the partition-

ing of the soil respiration flux. Within 3 m of the

SR collars, root exclusions were installed in May

2009 as follows. Around each 50 9 50-cm root

exclusion treatment area trenches were dug down

to 30 cm depth, thereby cutting all roots. Then,

the sides of the root exclusion plots were covered

by a plastic foil to prevent roots from growing back

into the treatment plot from outside. At the same

time, a PVC collar was inserted in the center of

each root exclusion treatment plot for later mea-

surement of microbial respiration.

To estimate seasonal and annual soil CO2 efflux,

we used temperature response functions (Lloyd and

Taylor 1994), as described by Ruehr and others

(2010), and Ruehr and Buchmann (2010). At Davos,

each year was divided into a summer season starting

after snow melt (15 May–14 Nov) with valid SR data,

and a winter season when the soils were covered

with snow (1 Jan–14 May and 15 Nov–31 Dec),

during which SR measurements with chambers

were impossible. Originally we used temperature

dependencies of SR, established during the growing

season, to estimate the winter season SR. However,

this resulted in unrealistically high fluxes of

0.98 ± 0.40 lmol CO2 m-2 s-1 on average (com-

pare with TER on average 1.70 ± 0.03 lmol -

CO2 m-2 s-1). Therefore, SR rates during the winter

season were set to 0.5 lmol CO2 m-2 s-1, which

results in 10% contribution of winter soil respiration

to annual soil respiration, according to studies of soil

respiration fluxes under a closed snow-cover in

coniferous mountain forests (see McDowell and

others 2000; Monson and others 2006; Schindlb-

acher and others 2007; Liptzin and others 2009).

Soil C Sequestration

To estimate annual soil C storage, we used the Yas-

so07 soil C model (Vers. 1.0.2) (Liski and others

Table 3. Instrumentation Specifications and Measurement Details for the EC, Soil Respiration, Forest
Inventory, and Meteorological Measurements at the Lägeren and Davos Site

Lägeren Davos

Biomass inventory

Date of inventory 2005, 2009 1988, 2006, 2011

Size (ha) 1.48 0.66

Measured parameters dbh, diameter at h = 7 m (D7), tree height dbh, tree height

Soil respiration (Ruehr and others 2010)

SRmanual: IRGA/repetitions/time period Li-8100/n = 17/2006–2009 Li-8100/n = 5/2008–2009

SRaut: IRGA/repetitions/time period Li-8100/n = 1/2006–2009 Li-8100/n = 1/2008–2009

EC measurements (Etzold and others 2010) (Zweifel and others 2010)

Time period 2005–2009 1997–2009

Sonic anemometer Gill solent HS Gill solent R2 (1997–2006)

Gill solent R3-50 (2006–2009)

IRGA LI-7500 Li-6262 (1997–2005)

Li 7500 (2005–2009)

Height (m)/height above canopy (m) 47/15 35/10

Data coverage: day/night (%) 62/24 84/61

Vertical CO2 profile Li-7000 Li-6262 (2005–2009)

Meteorological data

Air temperature Rotronic MP101 A Rotronic MP400 A

Precipitation MeteoSwiss/NABEL MeteoSwiss/NABEL

Net radiation Kipp and Zonen CNR1 Kipp and Zonen CNR1
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2009; Tuomi and others 2009). Yasso07 simulates

the stocks of soil organic C, net annual changes in

these stocks, and soil microbial respiration. The

model only requires basic information on weather,

litter quantity and quality (chemical composition).

The underlying assumption of Yasso07 is that

decomposition depends on litter input type (non-

woody litter and woody litter), their chemical com-

position (that is, waxes, sugars, cellulose, lignin) and

on annual weather conditions (air temperature,

temperature amplitude and precipitation). Decom-

position of woody litter additionally depends on the

size of the litter (for example, coarse woody litter,

fine woody litter). The effects of annual weather

conditions are modeled by adjusting the decompo-

sition rates of the compartments according to their

physical and chemical properties to air temperature

and precipitation.

To derive woody litter estimates for the soil C

model, we multiplied the woody biomass with

specific lifespan estimates as given in Table 2. Litter

data were linearly interpolated between forest

inventory years. Outside the period covered by

inventories, the same rate of change was assumed

as could be determined from the closest period with

data. The chemical composition of leaves, needles,

fine roots and understory litter were derived from

Heim and Frey (2004). The chemical compositions

of coarse woody litter (average of the chemical

composition of stem wood from several tree spe-

cies) resulted from values given in Liski and others

(2009). The chemical composition of fine woody

litter was estimated from measurements by Vavr-

ova and others (2009).

We simulated changes in the soil C stock at

Lägeren over a 10-year period (2000–2009) and at

Davos over a 24-year period (1986–2011) using

annual litter input with two diameter classes for

wood (2 cm for fine wood, that is, twigs, bark,

reproductive organs, coarse roots <2 cm; and

10 cm for coarse wood, that is bole wood and

coarse roots >10 cm) and annual air temperature,

the amplitude of air temperature and precipitation

data. The initial soil C stocks were assumed to be in

steady state, calculated from the litter input at the

beginning and the mean annual temperature and

precipitation over the past 20 years prior to the

simulation start. For both study sites, the modeled

initial soil C stocks (Lägeren: 9.6 kg m-2, Davos:

9.7 kg m-2) were well within the range of mea-

sured soil C stocks (Table 1). The annual soil

sequestration rate of both forests was then calcu-

Figure 1. Flowchart for

calculation of the

different NEP estimates

and NEE.
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lated as the average of the years covered by the

forest inventory.

Net Ecosystem Production (NEP)

NEP was calculated by four different approaches:

NEP*, DC, NEPBM, and NEPBEF (Figure 1; Table 2).

(1) NEP*

NEP* was assessed by estimating the change of

stored C in the biomass over time. This included the

net gain of C by tree growth and understory

production minus the loss by heterotrophic respi-

ration (Table 2).

(2) DC

Assuming the loss from herbivory to be small and

the annual increment of foliage and fine roots to be

zero, NEP can also be expressed as the annual

increment in the woody biomass and soil C storage,

and is named DC (Curtis and others 2002).

(3) NEPBM

NEPBM is the change of aboveground and below-

ground woody and non-woody C pools over time

(Table 2).

(4) NEPBEF

Tree biomass is derived from stem biomass, multi-

plied with biomass expansion factors (BEF). BEF

extrapolate from the wood stock biomass either to

aboveground or total biomass, and are region and

species specific. According to the Swiss NFI, we used

BEF for coniferous and broad-leafed trees, that were

adapted to specific regions and altitudinal ranges in

Switzerland (Table 2). NEPBEF was not used to

validate our EC measurements as they are regarded

as uncertain themselves, but were included into the

comparison as they are applied widely.

Uncertainty of NEP Estimates

The best estimates of uncertainty intervals for C

pools and flux components were obtained from the

literature and from comparison of modeled with

measured data when available. Uncertainty esti-

mates of C pool and flux calculations included

uncertainties originating from parameter estimates

of the applied models, and the uncertainties of the

underlying model assumptions (such as the fine

root turnover). Uncertainties for the input data

(stem volume) and model parameters for branches,

coarse and fine roots were set as compiled from

the literature by de Wit and others (2006). This

resulted in high uncertainty estimates for the car-

bon pools, but reduced to narrow uncertainty

intervals for the estimates of the changes in bio-

mass (de Wit and others 2006).

The standard error of the bole volume function

used for the Lägeren site is given as 0.3%, and for

the tariff function used for the Davos site as 7.8%

(Kaufmann 2001). Uncertainties of the annual soil

C stock, of the change in the soil C stock and of

microbial respiration rates originating from the

parameter estimates of the soil C model Yasso07

were estimated from Monte-Carlo simulations by

sampling 1,000 times the parameter estimates. Er-

rors are presented as the 95% confidence interval.

Foliage uncertainty was assessed by comparing

modeled versus measured litter data at the Lägeren

site (4.9% difference). The uncertainty of under-

story biomass was calculated as the SD of the

available measurements (Luescher 1991).

The overall uncertainty of the NEP estimates

results from the combined uncertainty of all in-

cluded components by the error accumulation

principle.

dNEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

1

d2
c

s

ð1Þ

with n = number of forest components included in

NEP estimate and c = forest component.

Radial Stem Increment

In addition to the NEP estimates derived from

allometric relationships we calculated the annual C

uptake by radial stem growth. At Davos, stem ra-

dius changes (DR = Difference in Radius over time)

of Norway spruce trees were measured with twelve

automated point dendrometers (ZB06, Zweifel

Consulting, Hombrechtikon, Switzerland) every

10 s and averaged every 30 min (for details see

Zweifel and others 2010). At the Lägeren, two

automated point dendrometers (Agricultural Elec-

tronics Corporation, Tucson, AZ, USA) per tree

were mounted on the north and south sides of the

stems of four beeches, and two ash, fir and spruce

trees. Stem radius changes were measured every

5 min and were averaged every 30 min. Each

measurement was corrected for the effect of ther-

mal expansion of the dendrometer using labora-

tory-derived temperature sensitivity using a linear

temperature response function.

The annual C uptake determined by radial stem

growth (=DRC) was calculated as follows. Stem

volume increment was derived from DR rates by

applying stem volume functions (Zweifel and

Haesler 2001, using a correction factor of 1). The

rate of change in stem volume was converted into
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the DRC by multiplication with wood density values

and then spatially extrapolated using tree species

density measurements. Stem wood and phloem

were assumed to contribute 85 and 15%, respec-

tively, to the total annual stem volume increment

(Zweifel and Eilmann, personal communication).

Micrometeorological Measurements

Continuous measurements of half-hourly turbu-

lent CO2 exchange were made with EC systems on

the uppermost platform of the flux towers. Instru-

mentation specifications and measurement settings

for each site are given in Table 3. Raw fluxes of CO2

and water vapor were collected digitally at 20 Hz

and post-processed by the inhouse software eth-

flux (compare Mauder and others 2008). As the

planar fit method was identified as not suitable at

least for the Lägeren site (Goeckede and others

2008), a 2-dimensional coordinate rotation for the

wind vector for each averaging period was done:

rotation of the coordinate system into the mean

streamline and alignment of the vertical wind

vector, so that w = 0. Flux measurements were

corrected for high-frequency damping losses of the

instruments (Eugster and Senn 1995), and open-

path infra-red gas analyzer (IRGA) measurements

were additionally corrected for water vapor transfer

effects (Webb and others 1980) and sensor self-

heating (Burba and others 2008; Jaervi and others

2009). The resulting CO2 flux data (FN) were

screened for quality by instrumental failure, snow,

dew, or ice on the sensor, high window dirtiness of

the IRGA sensor (>60%), for out of range fluxes

(-50 lmol m-2 s-1 > FN < 50 lmol m-2 s-1),

for u0w0 < 0 m s-1 (Eugster and others 2003), and

for low friction velocity: Lägeren: u* < 0.3 m s-1

(Etzold and others 2010), Davos: u* < 0.2 m s-1

(compare Zweifel and others 2010). We removed

negative night-time data and a corresponding

amount of positive night-time data by a trimmed

mean approach. Advection measurements at both

sites indicated that horizontal advection is present

at the Lägeren site, but is captured mostly by a u*-

filter of 0.3 m s-1 (Etzold and others 2010). At

Davos, the horizontal advection term was negligi-

ble as horizontal wind speed is very low. The u*-

threshold of 0.2 m s-1 accounted for most of the

observed negative nocturnal fluxes, which were

attributed to the occurrence of advection.

For calculating annual C budgets, a complete data

set is necessary and gaps of missing flux data have to

be replaced by modeled data. Small gaps of CO2 flux

data (<2 h) were replaced by linear interpolation.

Larger day-time gaps were modeled with light

response curves, by relating day-time FN to photo-

synthetic photon flux density (PPFD) within a

moving window of variable size depending on

available data points (n = 50) using a logistic sigmoid

function according to Moffat (2010). Larger night-

time gaps were modeled by temperature response

functions, relating night-time FN within a moving

window of variable size depending on available data

points (n = 50) to air temperature (Lloyd and Taylor

1994). For periods where no temperature response

function could be established, as was the case for

example during winter periods with temperatures

below 0�C, we used a running mean approach. At

the Lägeren site we observed high positive and

negative fluxes (±15 lmol m-2 s-1) during the

dormant period at very low temperatures, which we

interpreted as non-biotic fluxes, possibly related to

weathering or dissolving processes of calcareous soil

substances (compare Kowalski and others 2008;

Serrano-Ortiz and others 2010) and the occurrence

of fog and a stable inversion layer. We kept these

data in the data set but excluded them from the gap-

filling algorithm, which was used to establish light

and temperature response functions. Ecosystem

respiration (TER) was derived from the temperature

dependencies established during the night (Reich-

stein and others 2005) and extrapolated to day-time

conditions within a moving window of two weeks

length. Gross primary production (GPP) was defined

as GPP = NEE - TER.

Uncertainty of NEE

Uncertainty of NEE was computed as the random

uncertainty of EC flux measurements and the

uncertainty introduced by gap-filling by combining

both terms in quadrature. The random uncertainty

of EC measurements was calculated by the suc-

cessive day approach described in Hollinger and

Richardson (2005). We found the probability dis-

tribution of the random flux errors best described

by the double-exponential distribution as in Hol-

linger and Richardson (2005). The resulting ran-

dom error was on average 9.4% for the Davos data

(range 3–17%) and on average 2.8% (range

1.7–3.4%) for the Lägeren data.

To assess the error caused by gap-filling we ran-

domly produced 20% artificial gaps in each yearly

time period and compared the resulted gap-filled

data with the original data. We repeated this pro-

cedure 50 times and calculated the gap-filling

uncertainty from the model residuals according to

Aurela and others (2002). For Davos, the mean

uncertainties in relation to the mean measured flux

were 2.2% for day-time gaps and 9% for night-time
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gaps, which amounted on a yearly basis on average

to 27% (range 11–50%) and ±28 g C m-2 y-1

depending on the gap-frequency and flux magni-

tude. For the Lägeren, the mean uncertainties were

0.92% for day-time gaps and 1.5% for night-time

gaps. Applied to all gap-filled periods, these uncer-

tainties resulted in 6% (range 4.1–7.8%) and

±26 g C m-2 y-1 per year. For the annual sums of

TER and GPP we applied a maximum error of ±25%

(Desai and others 2008).

Meteorological Data

Standard meteorological variables, such as air

temperature and radiation components were mea-

sured on the uppermost platform of the flux tower

(Table 3). Additional meteorological data were ob-

tained from the National Air Pollution Monitoring

Network NABEL (precipitation), the Swiss Federal

Office of Meteorology and Climatology MeteoSwiss

(long-term meteorological data).

RESULTS

The Lägeren and Davos forests are two contrasting

mountain forest types, representative for their

altitudinal range in Switzerland. The following

differences between the Lägeren and Davos forests

are considered the most important: (1) much

cooler climate at Davos site compared to Lägeren,

(2) high species diversity at Lägeren compared to

the predominance of spruce trees at Davos, and (3)

the age of the trees. At Davos most of the trees

are much older than those at the Lägeren site

(see Table 1).

Climate Conditions

The mean daily course of temperatures for the

Davos and the Lägeren sites were nearly identical

but mean monthly temperature values at Lägeren

were almost constantly 5�C higher than at Davos

(Figure 2, linear regression of mean monthly tem-

peratures: R2 = 0.92, P < 0.01). In contrast, annual

sums as well as seasonal patterns of precipitation

differed between sites (linear regression of monthly

precipitation sums: R2 = 0.32, P < 0.01), with a

more distinct seasonality of precipitation at the

Davos forest (Figure 2A, B). For both sites mean

annual temperatures in the years 2006–2009 were

above the long-term (20 years: 1989–2009) aver-

age, whereas the year 2005 was comparably cool,

especially at the Davos site. Although the long-term

annual precipitation sums were in the same range

(Table 1), annual precipitation patterns differed. At

the Lägeren site, the observation period was wetter

compared to the long-term average. At the Davos

forest, only the year 2008 was wetter than the long-

term average, the years 2006 and 2009 received less

than 80% of the long-term mean annual precipi-

tation. Whereas the Lägeren forest received the

largest amount of precipitation in 2006 and only the

summer months were dry, the Davos forest expe-

rienced one of the driest and also warmest years

within the study period.

The C Balance of the Two Forest Sites

EC measurements, as well as biometric estimates

indicate that both sites were significant C sinks

(Figure 3; Tables 4, 5). Hereby, annual sums of

Figure 2. Climatic

conditions at the Lägeren

(A, C, E) and the Davos

site (B, D, F) during the

observation period from

2005 to 2009: Monthly

precipitation sums (A, B),

monthly mean air

temperature and relative

soil moisture content

(RSWC) (C, D), and

percentage anomalies of

mean annual

temperature (black bars)

and mean annual

precipitation sum (gray

bars) related to the

20-year mean values (E,

F).
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NPP, NEP, NEE, GPP, TER, Rh, as well as DRC were

higher at Lägeren compared to Davos during the

years 2005–2009 (Table 4). Annual soil respiration

was, however, of the same order of magnitude at

both sites and soil C sequestration rates were

higher at the Davos site.

The overall aboveground C pool (derived from

allometric estimates) of the Lägeren forest (178.2

Mg C ha-1) was larger than at Davos (105.3

Mg C ha-1), but with reversed results in the

belowground pools (Table 5). As a corollary, the

aboveground C turnover at Lägeren (6.11 Mg C

ha-1 y-1) was more than double the rate observed at

Davos (2.85–3.07 Mg C ha-1 y-1), whereas the

belowground C turnover was higher at Davos. A

higher NPP of the Lägeren forest, but an almost

identical respiration flux at the Lägeren and Davos

sites then led to higher net C uptake capacity at

Lägeren compared to Davos. We did not expect to

find similar annual SR rates at both study sites as the

Davos forest is subject to a much cooler climate than

the Lägeren forest. But this finding can be explained

by the higher temperature sensitivity of SR at the

Davos forest: SR rates at Davos (SRautomated:

Rref = 4.19, SRmanual: Rref = 4.38) doubled those

at the Lägeren forest (SRautomated: Rref = 1.91,

SRmanual: Rref = 2.22) for a temperature range be-

tween 5 and 10�C for 2008 and 2009 (Figure 4).

Biometric versus Meteorological
Estimates of Forests’ C Storage

At both sites, NEE derived from EC measurements

agreed with NEP estimates (Table 5). In general,

NEP* was the lowest of all NEP estimates at both

sites. At the Lägeren site, C uptake derived from NEE

(4.35 Mg C ha-1 y-1) was higher than calculated

NEP* (3.07 Mg C ha-1 y-1), but was very close to

estimates of DC (4.29 Mg C ha-1 y-1) and NEPBM

(4.34 Mg C ha-1 y-1). NEPBEF (5.14 Mg C ha-1 y-1)

was higher than all other estimates. At the Davos

site, NEP estimates of the two time periods investi-

gated were in the same range (differences: -0.14 to

0.61 Mg C ha-1 y-1). All NEP estimates indicate a

slightly higher yearly net uptake during the years

2006–2010, compared to the time period 1988–

2006, except NEPBEF. NEE measurements were

available from 1997 to 2009. For the time period

from 1997 to 2006 EC measurements yielded

1.17 Mg C ha-1 y-1 carbon uptake, which is lower

Figure 3. Cumulative

NEE for A the Lägeren

and B the Davos forest for

the years 2005–2009. For

the Davos site, NEE of

previous measured years

(1997–2004) is shown by

gray dotted lines. Gray areas

indicate the range of

DOY0, the compensation

point when the net C

uptake balances the net C

losses that accumulated

since the beginning of the

calendar year.

Table 4. Mean Annual C Budgets (NEE, GPP, TER), Derived from EC, Soil SR and Rh, Derived from Soil
Respiration Chamber Measurements, Soil C Derived from Soil C Modeling (Yasso07), and Carbon Uptake by
Radial Stem Increment (DRC) for the Lägeren and the Davos Forest

Lägeren Timespan Davos Timespan

NEE (Mg C ha-1 y-1) -4.15 (±0.56) 2005–2009 -1.53 (±0.54) 2005–2009

GPP (Mg C ha-1 y-1) -18.30 (±4.48) 2005–2009 -10.38 (±2.54) 2005–2009

TER (Mg C ha-1 y-1) +13.83 (±3.38) 2005–2009 +8.85 (±2.16) 2005–2009

SR (Mg C ha-1 y-1) +8.90 (±0.46) 2006–2009 +9.18 (±0.83) 2008–2009

Rh (Mg C ha-1 y-1) +5.07 (±0.48) 2007, 2008 +4.23 (±0.07) 2008–2009

Soil C (Mg C ha-1 y-1) -0.23 (±0.10) 2005–2009 -0.50 (±0.07) 2005–2009

DRC (Mg C ha-1 y-1) -3.75(± 1.13) 2006–2007 -1.15 (± 0.35) 2006–2007
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than DC, NEPBM, and NEPBEF. Recall that these

estimates covered a different time period than the

EC measurements and hence may not exactly reflect

the same growth conditions. NEE from 2006 to 2009

(-1.53 Mg C ha-1 y-1) compared well to NEP

(0.9–2.15 Mg C ha-1 y-1) for the time period from

2006 to 2010.

Temporal Patterns of C Uptake

During 2005–2009, NEE of the Lägeren forest ran-

ged from -366 to -662 g C m-2 y-1 (mean:

-415 g C m-2 y-1), and in the Davos forest from

-47 to -274 g C m-2 y-1 (mean: -154 g C

m-2 y-1). Overall, the inter-annual variability

(coefficient of variation, CoV, defined as the vari-

ance normalized by the mean) of NEE at the Davos

forest was higher than at the Lägeren (CoVDavos =

0.53; CoVLägeren = 0.31). Nevertheless, both forests

showed similar annual trends of net CO2 uptake

with lowest rates for the year 2006, high uptake in

2007, and an extraordinary high net uptake in 2009

(Figure 3). Although the annual sums of NEE from

both forests showed similar temporal patterns (lin-

ear regression model NEELägeren against NEEDavos:

adj. R2 of 0.71, P = 0.05), monthly sums were only

weakly related (adj. R2 = 0.48, P < 0.01) due to

different seasonal patterns: In general, the curvature

of cumulated NEE (NEECum) was much flatter at the

Davos site compared to the Lägeren site, both during

winter and summer (Figure 3). The winter respira-

tion compensation point DOY0 (=NEECum crosses

the zero-line) occurred nearly 1 month earlier at the

Davos forest (mean: DOY 128) than at the Lägeren

(mean: DOY 147). Thus, lagging the Davos data by

1 month, cross correlation analysis revealed a close

correlation between monthly sums of both forests

(R = 0.80, adj. R2 = 0.67, P < 0.01), and net sums

integrating over 2 months were also closely related

(adj. R2 = 0.70, P < 0.01).

For both forest sites, DOY0 had a high explana-

tory value for the resulting annual net uptake

(Davos: adj. R2 = 0.71, P < 0.01 for 1997–2009

and R2 = 0.87, P = 0.01 for 2005–2009; Lägeren:

adj. R2 = 0.92, P < 0.01, for 2005–2009). The later

start of the photosynthetic activity of the Lägeren

trees was compensated during summer, when the

slope of NEECum was much steeper at Lägeren

Figure 4. Temperature

dependency of soil

respiration at the Lägeren

(A, C) and Davos (B,

D) forests. Shown are

daily averages for

SRautomated and campaign

averages for SRmanual, as

well as fitted lines of the

Lloyd–Taylor function for

each study year. Please

note that SR data in 2006

are only given for non-

water-limiting periods

(volumetric soil

moisture > 15%).
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(mean: -3.7 g C m-2 day-1) compared to Davos

(mean: -1.1 g C m-2 day-1). In general, at Davos

the highest monthly net uptake was already

achieved during April/May, whereas at Lägeren the

summer months (June/July) yielded the highest

monthly net uptake rates (Figure 5). The Davos

forest yielded even higher net uptake rates during

spring than the Lägeren forest, although spring

temperatures were comparably lower. During

summer, monthly temperatures still increased at

the Davos site, but C uptake decreased. The sea-

sonal course of cumulative net uptake per month

in relation to monthly averaged air temperature

resulted in a hysteresis plot with a counterclock-

wise spin (Figure 5). In contrast, the net uptake of

the Lägeren forest increased exponentially with

increasing temperature and a less pronounced

hysteresis.

The Response of Carbon Uptake
to Environmental Drivers

Mean daily NEE of both forests responded differ-

entially to daily temperature, relative soil moisture

content (RSWC, Reichstein and others 2005), and

PPFD (Figure 6). Net uptake of the Lägeren forest

increased with temperature and PPFD, peaking and

declining at highest values. Under non-tempera-

ture limiting conditions the net flux at the Lägeren

showed no relation to soil moisture up to a

threshold of 0.8% RSWC, above which a pro-

nounced increase of mean daily NEE (that is, de-

crease of net uptake) was observed. The net uptake

at the Davos forest showed only a weak response to

temperature and PPFD, and remained rather con-

stant above a temperature of 4�C and PPFD of

300 lmol m-2 s-1. The net uptake increased with

increasing soil moisture, especially when winter

and spring data with temperatures below 4�C were

included.

DISCUSSION

Three main issues were observed in the similarities

and differences in the CO2 budgets of the two forest

ecosystems: (1) Biometric NEP estimates support

NEE measurements by EC, (2) annual trends of

NEE are similar among the Lägeren and Davos

forest, but with intra-annual differences, and (3)

the activity of trees is the main driver of forest CO2

budgets. Based on that, we ask the question of how

the latitudinal gradient of European forest C uptake

(Valentini and others 2000) translates to altitudinal

differences within a small geographic domain.

Biometric NEP Estimates Support NEE
Measurements by EC

As NEE and NEP are methodologically independent

the comparison of both estimates helps to validate

the calculations of ecosystem C budgets, because

both approaches are associated with large uncer-

tainties and sources of errors (Curtis and others

2002; Keith and others 2009). Both estimates show

that each of the forests is a persistent carbon sink.

NEE derived from EC measurements agreed with

biometric NEP estimates and deviations between

both estimates (Lägeren: 0.5–30%, Davos: 38–

64%) lay in the range reported by other studies (for

example, Curtis and others 2002; Black and others

2007; Gough and others 2008b; Peichl and others

2010). However, estimates of NEP were already

variable themselves, depending on the approach

that was applied. Thus, NEP estimates differed by

Figure 5. Mean monthly

sums of NEE in relation to

mean monthly air

temperature. Values are

means ± SE. Numbers

indicate the respective

month of the year.
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127 g C m-2 y-1 (±17% variability) at the Lägeren

site and by 119 g C m-2 y-1 (±39%) for

1988–2006 and 125 g C m-2 y-1 (±37%) for

2006–2010 at the Davos site, but no systematic

trend of relationships between NEP and NEE could

be observed. The relationships of NEP to NEE are

thought to differ with forest type, stand age and

species composition (Black and others 2007). Black

and others (2007) concluded that NEP calculations

based on the mass-balance approach (DC, NEPBM,

and NEPBEF) overestimate NEP due to unaccounted

soil decomposition losses. NEP* on the other hand,

does not include the C flux to mycorrhiza,

accounting for up to 20% of host photosynthates

(Smith and Read 1997) or the exudation of C from

roots to the soil, which can account for 0.5–5% of

the net fixed C (Farrar and others 2003), and

therefore likely underestimates NEP. NEPBEF com-

pared well with other NEP estimates at the Davos

site, but was significantly higher than all other NEP

estimates at the Lägeren site. The ratio of TER/GPP

based on the NEPBEF estimate for the Lägeren site

results in 0.63. Using a ratio of TER/GPP of 0.74 as a

reference for European forest ecosystems (Luyssa-

Figure 6. Mean daily CO2 flux in response to mean daily air temperature (TAir), bin-averaged in 1�C classes (A, B), in

response to relative soil moisture content (RSWC), bin-averaged in 1% classes (C, D), and in response to photosynthetic

photon flux density (PPFD), bin-averaged in 20 lmol m-2 s-1 classes (E, F) for the Lägeren site (A, C, E) and the Davos

site (B, D, F). Values are means ± SD for the years 2005–2009.
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ert and others 2009) would indicate that BEF may

overestimate the productivity of forests. The simple

approximation of NEP from dbh and only one

scaling factor may be especially problematic for

such diverse forests as the Lägeren with a huge

variety of species, growth forms and spatial differ-

entiations. In addition, BEF do not account for the

different turnover times of the individual tree

compartments. We conclude that BEF are useful for

estimating forest productivity on large scales as for

the UNFCCC accounting, when detailed investiga-

tions are difficult to carry out. However, they

should be applied with great care, especially for

broad-leaved or mixed forest stands.

Our comparison of the different approaches

clearly identifies crucial areas for future research to

further improve our understanding of the forest

carbon cycle and to yield reliable estimates of car-

bon sequestration. The largest uncertainty in our

NEP estimates originates from modeling the

belowground C dynamics, and especially those of

fine roots (compare Curtis and others 2002; Gough

and others 2008a; Braendli 2010). Considering

these uncertainties the IPCC even recommends

using only aboveground BEFs for national inven-

tories (Loewe and others 2000). Furthermore, for

mountain forest sites with a long winter season, the

cumulative winter fluxes are an important compo-

nent in budget calculations, but they are difficult to

quantify, and hence impose a large uncertainty on

NEP* estimates. Without giving a specific recom-

mendation on the best method for estimating the

annual C storage because no clear trend could be

observed, we note that NEP* is the most compre-

hensive approach, but is associated with the highest

uncertainties, mainly introduced by the C flux cal-

culations. DC and NEPBM are much easier to derive

as the non-woody pools are neglected. In our study,

they provided robust estimates which compared

well with the NEE estimates. Thus, DC and NEPBM

appear to be useful and easily applicable tools to get

a rough estimate of NEP. However, if the research

interest is in the dynamics and contributions of the

single forest compartments, then a more sophisti-

cated approach (such as NEP*) is needed.

Temporal Patterns of Net Uptake

In general, C budgets of the Davos forest were more

variable than those of the Lägeren forest, but both

forest sites showed similar trends of annual net

uptake during 2005–2009 (Figure 3). This was

surprising as the sites were exposed to different cli-

matic conditions between 2005 and 2009 (Figure 2)

and responded differentially to environmental

variables (Figure 6). Whereas the daily net uptake

of the Lägeren was strongly enhanced by tempera-

ture and incoming radiation under sufficient mois-

ture conditions, the daily net uptake of the Davos

forest was only weakly related to temperature or to

PPFD. Thus, we could not detect a temperature

limitation of the photosynthetic activity of the Da-

vos trees as was a priori expected for a subalpine site

with low annual temperatures. Instead, the net

uptake was rather decoupled from seasonal tem-

perature variations, and the highest net uptake

rates were observed during April and May under

very low temperature conditions, whereas during

the warmer summer period comparably low net

uptake rates were observed (Figure 5). The tem-

perature uncoupling during the spring snow melt

period is also seen in the soil moisture response

curve (Figure 6), where net uptake increases with

increasing RSWC, which mainly reflects an

increasing RSWC during the spring snow melt. The

high importance of the spring period and of the

availability of snow melt water on annual NEE was

already shown for the subalpine forest site Niwot

Ridge by Monson and others (2005) and Hu and

others (2010). The temperature decoupling of sub-

alpine ecosystems should be taken into account in

ecosystem modeling, in which usually temperature

response functions are applied.

The net uptake at the Davos forest started about

1 month earlier compared to the Lägeren forest.

Interestingly, monthly sums of NEE of the Lägeren

and Davos forest were closely related by lagging the

Davos data by 1 month or by integrating NEE over

2 months. Thus, over a longer time period (such as

2 months) the influence of climatic conditions on

the forests’ net uptake may be overridden by

intrinsic forest dynamics (Richardson and others

2007). Despite the highest uptake rates during

summer at the Lägeren forest, DOY0 (the ecosystem

turns from a source to a sink) also had high pre-

dictive power for annual NEE. Thus, the period

during which the ratio of GPP and TER is changing,

is most critical for the annual NEE, introducing

high uncertainties into global change scenarios, as

the spring period is expected to undergo large

changes, for example, of snow coverage, length-

ening of the vegetation period, or increase of snow

melt days (Appenzeller and others 2008).

Activity of Trees as Main Determinant
for Forest C Budgets

NPP, NEP, NEE, GPP, TER, as well as DRC were

strongly increased at Lägeren compared to Davos,

whereas Rh was only slightly larger (Tables 4 and 5).
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Thus, differences in the C balance of the two forests,

namely the higher productivity of the Lägeren for-

est, can mainly be attributed to differences in tree

physiology at the two sites (that is, growth, water

balance, phenology, and respiration), resulting from

different climate conditions, the dominating tree

functional type of the vegetation cover (coniferous

vs. broad-leaved) and the age of the trees. The pre-

dominating influence of tree dynamics on the CO2

budget of the Davos forest was already shown in

Zweifel and others (2010). They found a remarkably

close relationship between NEE and continuously

measured stem radius changes, which integrates

growth and tree water relation processes. It was

concluded that tree water relations and stem growth

are representative for the productivity of the Davos

forest, and that other ecosystem components, such

as understory vegetation and SR, are acting most

likely in phase with the measured trees.

SR was of similar magnitude at both sites despite

different temperature conditions, due to higher

temperature sensitivity of SR at the Davos forest

(Figure 4), likely caused by the relatively high

photosynthetic activity of the Davos conifers al-

ready under low temperature conditions (Fig-

ures 5, 6) and coupled to this (Janssens and others

2001; Hoegberg and Read 2006) also high respira-

tion rates. This pattern was confirmed by a larger

belowground tree C pool and an increased below-

ground C allocation at the Davos forest compared

to the Lägeren (Table 5). Similar observations were

made at three Swiss forests of different altitudinal

ranges (subalpine, montane, lowland). At the

subalpine site, the lowest aboveground tree growth

was measured, but the highest fine root C pool and

the highest rates of root respiration (compare Graf

Pannatier and others 2010). Thus, the importance

of belowground tree processes apparently increases

with increasing altitude.

C Uptake as a Function of Altitude?

Valentini and others (2000) suggested respiration

as the main determinant of the C balance of

European forests. They found a decreased net up-

take of European forests with increasing latitude,

whereas GPP remained rather constant. We tested

whether this hypothesis holds true also for

increasing altitude, as the Alpine altitudinal gradi-

ent is often considered comparable to the latitudi-

nal gradient of the Northern Hemisphere, for

example, with respect to temperature (Koerner

1999), but with substantial differences, for exam-

ple, in light intensity, day length, duration of the

growth period, or soil temperature conditions.

Figure 7 puts both sites in context with others

compiled by Valentini and others (2000). During

2005–2009, the mean net uptake of the Davos

forest was significantly lower compared to the

Lägeren forest (Table 4). And whereas NEE of the

Lägeren matches the regression line in Figure 7A

nearly perfectly (4.15 Mg C ha-1 y-1 at 47�N),

NEE of Davos (1.17 Mg C ha-1 y-1 at 46�N) is not

representative for its latitudinal range, but fits well

Figure 7. European forest CO2 budgets (NEE (A), GPP (B), and the ratio NEE/TER (C)) as a function of latitude (modified

from Figures. 1, 2, 3 in Valentini and others (2000); new mountain forests and/or Swiss forest sites are inserted as

diamonds, the Lägeren and Davos sites as stars; Mediterranean mountain sites already included in Valentini and others

(2000) were modified as gray circles). Open circles intensively managed plantations. The numbers 1–26 are as in Valentini and

others (2000). Added sites are: #30 Vordemwald (480 m a.s.l, Switzerland); #31 Schänis (730 m a.s.l., Switzerland); #32

Beatenberg (1510 m a.s.l, Switzerland); #33 Niwot Ridge (3050 m a.s.l., U.S.), #34 Hainich (440 m a.s.l, Germany).

Adapted by permission from Macmillan Publishers Ltd: Nature (Valentini and others), copyright (2000). Additional

data were obtained from Graf Pannatier and others (2010) (#30–32); Sacks and others (2007) (#33); Knohl and others

(2008) (#34).
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in C budgets of forests north of 55�N (Figure 7A,

see also Luyssaert and others 2007). This is also the

case for other alpine forest sites in Switzerland (#32

in Figure 7A) and outside Europe (#33), whereas

the Swiss montane forest site Schänis (#31) is

comparable to the Lägeren site. Mediterranean

forests at higher altitudes (#2,2a,4), however, have

a much higher net uptake compared to the alpine

forests of the temperate zone and to lowland

Mediterranean forests with NEE ranging from 90 to

551 g C m-2 y-1 (compare Baldocchi and others

2010). An increasing net uptake with increasing

altitude was also shown for ecosystems (desert,

savannah, woodland, and forest) in southwestern

North America by Anderson-Teixeira and others

(2011). In these regions, the carbon uptake capac-

ity of ecosystems at low altitudes is limited by hot

and/or dry conditions, whereas subalpine ecosys-

tems benefit from low temperatures and ample

moisture. In contrast, the annual net uptake of

subalpine forests in the temperate zone is mainly

determined by the forest’s spring net uptake

capacity and the snow water availability during this

period (Hu and others 2010).

Similarly, GPP at the Lägeren forest is much

higher than at Davos (Figure 7B). Note that the

carbon uptake by GPP is presented with a negative

sign, and in this case most negative values mean a

high carbon uptake by GPP. Whereas the Davos

forest ranges among the sites with lowest GPP, the

Lägeren forest has a higher mean GPP than most of

the sites included in Valentini and others (2000).

Although being large in this context, mean GPP

(ca. -1,800 g C m-2 y-1) at the Lägeren is com-

parable to estimates for other forests in Europe not

included in Valentini and others (2000), such as

the old-growth beech forest Hainich in Germany

(-1670 g C m-2 y-1, Knohl and others 2003), the

spruce forest Tharandt (-1,845 g C m-2 y-1, Gru-

enwald and Bernhofer 2007) or a broad-leaved

deciduous woodland in England (-2,100 g C m-2

y-1, Thomas and others 2011). In fact, Swiss for-

ests, and especially those of the Central Plateau, to

which the Lägeren borders, have been reported to

be the most productive forests in Europe due to

favorable growth conditions (SAEFL/WSL 2005;

Braendli 2010). This is also reflected by tree sizes

that reach a maximum of 42.2 m at the Lägeren

(Eugster and others 2007). In comparison, GPP at

Davos is rather low, but still significantly higher

compared to the subalpine forest Niwot Ridge in

the Colorado Rocky mountains (Figure 7B), which

is explainable by the shorter growing period and

the zero GPP during winter at the Niwot Ridge site

(Sacks and others 2007). The ratio of NEE to TER of

the Davos and Niwot Ridge site is in the same

range, but higher than at the other forests at similar

latitudes, indicating an increasing importance of

respiration at higher altitudes (Figure 7C).

Differences between the forest C budgets at the

Lägeren and at the Davos forests correspond to the

latitudinal gradient found for the C balance of

European forests, with altitude perceived as a

proxy for changing environmental conditions, and

an increasing tree age (SAEFL/WSL 2005). How-

ever, the relationship of NEE to altitude may not be

the same for all vegetation zones and regions (for

example, temperate, mediterranean, and tropical).

This emphasizes the need to account for the alti-

tudinal range of ecosystems in modeling ap-

proaches when aiming at a better understanding of

forest ecophysiological processes, especially in re-

sponse to climate change, which is predicted to be

most pronounced in alpine regions.
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den Alpen: In ökologischer, dynamischer und historischer

Sicht. Stuttgart: UTB.

Etzold S, Buchmann N, Eugster W. 2010. Contribution of

advection to the carbon budget measured by eddy covariance

at a steep mountain slope forest in Switzerland. Biogeo-

sciences 7:1–15.

Eugster W, Kling G, Jonas T, McFadden JJ, Wuest A, MacIntyre

S, Chapin FS. 2003. CO2 exchange between air and water in

an Arctic Alaskan and midlatitude Swiss lake: importance

of convective mixing. J Geophys Res 108: doi:10.1029/

2002JD002653.

Eugster W, Senn W. 1995. A cospectral correction model for

measurement of turbulent NO2 flux. Bound Layer Meteorol

74:321–40.

Eugster W, Zeyer K, Zeeman M, Michna P, Zingg A, Buch-

mann N, Emmenegger L. 2007. Methodical study of nitrous

oxide eddy covariance measurements using quantum cas-

cade laser spectrometry over a Swiss forest. Biogeosciences

4:1–13.

Farrar J, Hawes M, Jones D, Lindow S. 2003. How roots

control the flux of carbon to the rhizosphere. Ecology 84:

827–37.

Gaudinski JB, Torn MS, Riley WJ, Dawson TE, Joslin JD, Majdi

H. 2010. Measuring and modeling the spectrum of fine-root

turnover times in three forests using isotopes, minirhizotrons,

and the Radix model. Glob Biogeochem Cycles 24. doi:

10.1029/2009GB003649.

Goeckede M, Foken T, Aubinet M, Aurela M, Bernhofer C,

Bonnefond JM, Brunet Y, Carrara A, Clement R, dellwik E,

Elbers J, Eugster W, Fuhrer J, Granier A, Gruenwald T, Hei-

nesch B, Janssens IA, Knohl A, Koeble R, Laurila T, Longdoz

B, Manca G, Marek M, Markkanen T, Mateus J, Matteucci G,

Mauder M, Migliavacca M, Minerbi S, Moncrieff J, Montag-

nani L, Moors E, Ourcival JM, Papale D, Pereira J, Pilegaard K,

Pita G, Rambal S, Rebmann C, Rodrigues A, Rotenberg E,

Sanz MJ, Sedlak P, Seufert G, Siebicke L, Soussana JF, Val-

entini R, Vesala T, Verbeeck H, Yakir D. 2008. Quality control

of CarboEurope flux data—part 1: coupling footprint analyses

with flux data quality assessment to evaluate sites in forest

ecosystems. Biogeosciences 5:433–50.

Gough CM, Vogel CS, Schmid HP, Curtis PS. 2008a. Controls on

annual forest carbon storage: lessons from the past and pre-

dictions for the future. Bioscience 58:609–22.

Gough CM, Vogel CS, Schmid HP, Su HB, Curtis PS. 2008b. Multi-

year convergence of biometric and meteorological estimates of

forest carbon storage. Agric For Meteorol 148:158–70.

Graf Pannatier E, Dobbertin M, Heim A, Schmitt M, Thimonier

A, Waldner P, Frey B. 2010. Response of carbon fluxes to the

2003 heat wave and drought in three mature forests in

Siwtzerland. Biogeochemistry. doi:10.1007/s10533-10010-

19554-y.

Gruenwald T, Bernhofer C. 2007. A decade of carbon, water and

energy flux measurements of an old spruce forest at the An-

chor Station Tharandt. Tellus 59B:387–96.

Heim A, Frey B. 2004. Early stage litter decomposition rates for

Swiss forests. Biogeochemistry 70:299–313.

Heim A, Wehrli L, Eugster W, Schmid MWI. 2009. Effects of

sampling design on the probability to detect soil carbon stock

changes at the Swiss CarboEurope site Lägeren. Geoderma
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