
Chapter 10

The Carbon Balance of Tropical Mountain

Forests Along an Altitudinal Transect

Christoph Leuschner, Alexandra Zach, Gerald Moser, Jürgen Homeier,

Sophie Graefe, Dietrich Hertel, Bärbel Wittich, Nathalie Soethe,

Susanne Iost, Marina Röderstein, Viviana Horna, and Katrin Wolf

10.1 Introduction

The storage and sequestration of carbon is one of the most important ecosystem

services provided by forests. Although tropical forests cover only about 12 % of the

land surface of the earth, it is estimated that they account for about 25 % of the

world’s biomass carbon and contribute c. 40 % of terrestrial net primary production

(Cleveland et al. 2011; Townsend et al. 2011). Consequently, tropical forests play
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37077 Göttingen, Germany

J. Bendix et al. (eds.), Ecosystem Services, Biodiversity and Environmental Change
in a Tropical Mountain Ecosystem of South Ecuador, Ecological Studies 221,
DOI 10.1007/978-3-642-38137-9_10, © Springer-Verlag Berlin Heidelberg 2013

117

mailto:cleusch@gwdg.de


an outstanding role in the global C cycle and a solid understanding of the C pools

and fluxes with carbon assimilation, net primary production and decomposition in

this biome is of paramount importance for predicting changes in the earth’s climate

and to adopt suitable mitigation strategies for reducing global warming (Grace and

Meir 2009).

In the last two decades, our knowledge about the tropical forest carbon cycle has

considerably increased due to several large-scale biomass inventories and growth

analyses in neotropical and paleotropical forest plot networks (e.g. Malhi et al.

2004; Slik et al. 2010) and the application of the eddy covariance technique on

towers for measuring ecosystem-level CO2 fluxes in tropical old-growth forests

(Grace et al. 1995). One prominent result is that, in the past two decades, intact

tropical lowland forests apparently represented CO2 sinks in moist years (overview

in Malhi 2010), while they often were CO2 sources in dry years (Davidson et al.

2012). Another surprising outcome of global carbon flux data bases is that the net

primary production (NPP) of forest ecosystems appears to be independent from

mean annual temperature (MAT) in regions with MAT > 10 �C, i.e. in tropical and
subtropical climates (Luyssaert et al. 2007). This view is challenged by an earlier

compilation of data from tropical moist forests along elevation transects by Raich

et al. (2006) who reported a mean increase in aboveground NPP (ANPP) by

0.66 Mg C ha�1 year�1 per K temperature increase. However, these authors

provided no data on belowground NPP (root production) but gave only an indirect

estimate of belowground C allocation from data on litter fall and soil respiration.

The C transfer to the roots increased with increasing MAT as well, indicating an

increase in total NPP with higher temperatures. However, without more reliable

data on root production, this conclusion must remain vague. Another surprising

outcome of the data compilation by Luyssaert et al. (2007) is the lacking precipita-

tion dependence of NPP above a threshold of about 1,500 mm year�1 indicating that

neither temperature nor precipitation should be important controls of NPP in

tropical moist forests. However, the scatter in the data of this analysis was large

and total NPP (above- and belowground) consists of a number of components,

which are difficult to measure, often are estimated and thus are likely to introduce a

considerable bias in the calculation of gross primary production (GPP), NPP and net

ecosystem production (NEP) in tropical forests. So far, only very few studies have

attempted to measure all relevant C stores and C fluxes in tropical forests completely

or near-completely which leaves a considerable uncertainty in current data analyses

and syntheses with respect to the tropical forest carbon cycle (Clark et al. 2001).

The situation is even less satisfying for tropical mountain forests, which once

covered the mountains of the tropics from about 1,000 to more than 4,000 m

elevation and that have been found to store considerable C amounts in biomass

and soil (e.g. Kitayama and Aiba 2002; Benner et al. 2010). Due to their poor

accessibility and the often steep slopes in rugged terrain, carbon inventories and the

measurement of C fluxes is often more difficult than in tropical lowland forests. For

example, using eddy covariance technique is rarely an option in tropical mountain

forests. However, these forests are not only important in the cycles of C and water

(McJannet et al. 2010) and are havens of a unique biodiversity (Gentry 2001;
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Bruijnzeel et al. 2010), they also offer the rare opportunity to examine the C cycle

of tropical forests along well-defined temperature gradients (Girardin et al. 2010),

which may help to understand the temperature dependence of forest NPP (Malhi

2012; Malhi et al. 2010) and to test the more recent conclusions on the apparent

temperature insensitivity of tropical forest productivity drawn from global data

surveys (Luyssaert et al. 2007).

This contribution summarises extensive field work in pristine tropical

pre-montane to upper montane forests conducted over the past 10 years in an

altitudinal transect from 1,000 to 3,000 m a.s.l. on the eastern slope of the southern

Ecuadorian Andes. For the first time, it was attempted to measure all major C pools

and C fluxes in a set of forest plots at different elevations, including the C pools in

above- and belowground biomass, and the fluxes associated with photosynthesis,

stem wood growth, leaf and fine litter production, fine and coarse root production,

and autotrophic (tree) and soil respiration by applying up-to-date ecophysiological

techniques in a considerable number of plots and tree species under field conditions.

The main aims of the study were (1) to analyse altitudinal changes in forest

above- and belowground biomass and forest structure using a large number of plots

(59), (2) to close gaps in our knowledge on rarely studied components of the C cycle

in tropical forests (in particular root production, autotrophic respiration and photo-

synthesis) and (3) to search for altitudinal trends in GPP, NPP, NEP and respiration

components, which could give hints on their temperature dependence.

This chapter compiles a wealth of data on C cycle components that have been

published or are being prepared for publication (see references list), in order to

reach at a comprehensive synthesis on the C balance of the forests between 1,000

and 3,000 m elevation.

10.2 Materials and Methods

10.2.1 Climate, Geology and Vegetation of the Study Region

The study region close to the equator on the eastern slope of the Andes has a humid

tropical montane climate with MAT ranging between 19 �C at 1,000 m and 9 �C at

3,000 m a.s.l. (Bendix et al. 2008; Emck 2007, see Table 10.1). The soils along

the slope are generally acidic with increasing amounts of humus material on top of

the soil towards higher elevations (Moser et al. 2011, see alsoWolf et al. 2011). The

availability of N in the densely rooted uppermost organic layer markedly decreases

along the transect as is shown by large reductions in gross N mineralisation rate and

in the amount of KCl-extractable inorganic N in the organic layers from 1,050 to

3,060 m indicating a slowing down of decomposition with increasing elevation.

The species-rich premontane to upper montane forest communities are described in

detail in Homeier et al. (2008) and Chap. 8. All stands are located in protected forest

sections with a representative stand structure and no marked signs of human impact

or recent natural disturbance.

10 The Carbon Balance of Tropical Mountain Forests Along an Altitudinal Transect 119

http://dx.doi.org/10.1007/978-3-642-38137-9_8


T
a
b
le

1
0
.1

L
o
ca
ti
o
n
an
d
cl
im

at
ic
,
ed
ap
h
ic

an
d
st
an
d
st
ru
ct
u
ra
l
ch
ar
ac
te
ri
st
ic
s
o
f
th
e
fi
v
e
in
te
n
si
v
e
st
u
d
y
p
lo
ts
(a
d
o
p
te
d
fr
o
m

M
o
se
r
et

al
.
2
0
1
1
)

P
lo
t
n
o
.

1
2

3
4

5

C
o
o
rd
in
at
es

S
0
4
� 0
6
0 5
4
00

W
7
8
� 5
8
0 0
2
00

S
0
4
� 0
6
0 4
2
00

W
7
8
� 5
8
0 2
0
00

S
0
3
� 5
8
0 3
5
00

W
7
9
� 0
4
0 6
5
00

S
0
3
� 5
9
0 1
9
00

W
7
9
� 0
4
0 5
5
00

S
0
4
� 0
6
0 7
1
00

W
7
9
� 1
0
0 5
8
00

E
le
v
at
io
n
[m

a.
s.
l.
]

1
,0
5
0

1
,5
4
0

1
,8
9
0

2
,3
8
0

3
,0
6
0

In
cl
in
at
io
n
[�
]

2
6

1
0

3
1

2
8

2
7

A
ir
te
m
p
er
at
u
re

[�
C
]
(m

in
–
m
ax
)

1
9
.4

(1
1
.5
–
3
0
.2
)

1
7
.5

(1
1
.2
–
2
6
.7
)

1
5
.7

(7
.9
–
2
9
.4
)

1
3
.2

(7
.0
–
2
5
.1
)

9
.4

(3
.1
–
1
8
.8
)

R
ai
n
fa
ll
[m

m
y
ea
r�

1
]

c.
2
,2
3
0

c.
2
,3
0
0

c.
1
,9
5
0

c.
5
,0
0
0

c.
4
,5
0
0

S
o
il
ty
p
es

A
lu
m
ic

A
cr
is
o
l

A
lu
m
ic

A
cr
is
o
l

G
le
y
ic

C
am

b
is
o
l

G
le
y
ic

C
am

b
is
o
l

P
o
d
zo
l

O
rg
an
ic

la
y
er

th
ic
k
n
es
s
[m

m
]

4
8

2
4
3

3
0
5

2
1
4

4
3
5

S
o
il
m
o
is
tu
re

[v
o
l.
%
]

2
9
.7

(1
5
.3
–
3
8
.5
)

3
0
.3

(2
0
.4
–
4
3
.5
)

3
5
.4

(2
7
.4
–
4
4
.7
)

4
4
.7

(3
5
.7
–
4
8
.7
)

4
9
.1

(3
9
.5
–
5
9
.5
)

S
o
il
p
H
[C
aC

l 2
]

3
.9

3
.9

3
.5

3
.3

2
.9

S
o
il
C
/N

[O
i
h
o
ri
zo
n
,
g
g
�1
]

2
2

2
9

2
8

4
6

6
3

K
C
l-
ex
tr
ac
t.
N
in
o
rg
:
O
i
la
y
er

[μ
g
g
�1
]

1
,1
8
0
(3
2
9
–
2
,2
3
8
)

2
1
9
(7
6
–
9
5
3
)

2
3
4
(3
4
–
5
7
4
)

1
7
(1
2
–
2
0
9
)

6
(4
–
1
9
)

K
C
l-
ex
tr
ac
t.
N
in
o
rg
:
0
–
1
0
cm

m
in
.
so
il
[μ
g
g
�
1
]

4
5
(4
3
–
6
9
)

1
9
(1
4
–
2
7
)

7
3
(3
5
–
7
8
)

2
6
(1
1
–
4
4
)

3
8
(1
9
–
4
6
)

P
o
o
l
o
f
K
C
l-
ex
tr
ac
t.
N
in
o
rg
in

o
rg
.
la
y
er
s[
g
N
m

�2
]

2
.9

2
.5

3
.3

3
.1

1
.1

G
ro
ss

N
m
in
er
al
is
at
io
n
:
O
i
la
y
er

[μ
g
g
�
1
d
ay

�1
]

1
5
9
(8
0
–
2
1
3
)

n
.d
.

1
1
5
(1
0
7
–
1
2
0
)

n
.d
.

2
3
(0
–
3
2
)

G
ro
ss

N
m
in
er
al
is
at
io
n
:
0
–
1
0
cm

m
in
.
so
il
[μ
g
g
�1

d
ay

�
1
]

0
(<

0
–
4
8
)

n
.d
.

8
(3
–
1
3
)

n
.d
.

1
3
(9
–
1
7
)

S
te
m

d
en
si
ty

(>
5
cm

D
B
H
)
[h
a�

1
]

9
6
8

2
,1
6
7

2
,2
4
5

2
,5
1
2

5
,6
1
3

C
an
o
p
y
h
ei
g
h
t
[m

]
3
1
.8

2
1
.7

1
8
.9

1
2
.0

9
.0

M
ea
n
an
n
u
al
ai
r
te
m
p
er
at
u
re

an
d
re
la
ti
v
e
ai
r
h
u
m
id
it
y
m
ea
su
re
d
at
1
.5

m
h
ei
g
h
t
in
si
d
e
th
e
st
an
d
s,
so
il
m
o
is
tu
re

in
1
0
cm

d
ep
th

o
f
th
e
m
in
er
al
so
il
;
g
iv
en

ar
e

an
n
u
al

m
ea
n
s,
m
in
im

u
m

an
d
m
ax
im

u
m

(i
n
b
ra
ck
et
s)

fo
r
th
e
p
er
io
d
A
p
ri
l
2
0
0
3
–
M
ar
ch

2
0
0
4
;
b
ed
ro
ck

ty
p
es

af
te
r
L
it
h
er
la
n
d
et

al
.
(1
9
9
4
);
so
il
cl
as
si
fi
ca
ti
o
n

(F
A
O
sy
st
em

),
p
H
(C
aC

l 2
)
o
f
th
e
m
in
er
al
to
p
so
il
(0
–
3
0
cm

),
C
/N

ra
ti
o
o
f
th
e
o
rg
an
ic
la
y
er

(L
/O
f1
)
af
te
r
Io
st
(2
0
0
7
);
ra
in
fa
ll
d
at
a
af
te
r
P
.
E
m
ck

&
M
.
R
ic
h
te
r

an
d
o
w
n
m
ea
su
re
m
en
ts

(3
-y
ea
r
m
ea
n
s,

u
n
p
u
b
li
sh
ed
);
K
C
l-
ex
tr
ac
ta
b
le

in
o
rg
an
ic

N
m
ea
su
re
d
in

A
p
ri
l
2
0
0
4
b
y
Io
st

(2
0
0
7
),
(m

ed
ia
n
an
d
ra
n
g
e)
,
g
ro
ss

N

m
in
er
al
is
at
io
n
ac
co
rd
in
g
to

th
e

1
5
N

is
o
to
p
ic

p
o
o
l
d
il
u
ti
o
n
ap
p
ro
ac
h
(t
h
re
e
p
lo
ts
o
n
ly
),
th
e
p
o
o
l
o
f
K
C
l-
ex
tr
ac
t.
N

in
th
e
o
rg
an
ic

la
y
er
s
is
a
ro
u
g
h
es
ti
m
at
e

d
er
iv
ed

fr
o
m

N
in
o
rg
co
n
ce
n
tr
at
io
n
s
an
d
h
u
m
u
s
m
as
s;
d
at
a
o
n
fo
re
st
st
ru
ct
u
re

w
er
e
m
ea
su
re
d
fo
r
8
0
tr
ee
s
p
er

p
lo
t
(a
ft
er

M
o
se
r
et

al
.
2
0
0
8
)

120 C. Leuschner et al.



10.2.2 Study Plots

In the transect of about 30-km length and 2,000-m elevation distance, a set of

59 study plots of 20 m � 20 m size was identified in a stratified random selection

procedure. Three plots served for the very intensive carbon cycle measurement

programme (all C fluxes including photosynthesis and respiration measurements;

plots # 1, 3 and 5), five for the spatially more extended intensive measurement

program (net primary production including root production; plots # 1, 2, 3, 4 and 5)

and 54 additional plots for the analysis of the spatial variability of selected biomass

and productivity parameters in the rugged landscape (“matrix plots”). Each 18 of

the 54 matrix plots were located at 1,000, 2,000 and 3,000 m elevation with each six

plots being assigned to upper slope, mid-slope and lower slope positions to cover

the variable topography of the rugged terrain. The intensive study plots # 1–5 (“core

plots”) were located on mid-slope positions. The biomass and soil C pools were

inventoried in all plots. All stands were selected randomly in closed stands without

larger gaps (>2 m) that met the above-mentioned criteria of elevation and slope

position.

It is important to note that all C pool and C flux data presented here refer to the

projected horizontal area, i.e. the original data were corrected for slope angle.

10.2.3 Methods for Determining Biomass and Soil C Pools
and Components of Productivity

Table 10.2 lists the principal methods used to measure the above- and belowground

biomass stocks and their C pools and the productivity components. For further

details, see the publications listed in this table. A few details are given below for the

photosynthesis measurements and the calculation of carbon gain.

A stand-level estimate of gross photosynthesis was obtained from measured

Amax, leaf dark respiration and the Leaf Area Index (LAI) and incident global

radiation data of the stands (Table 10.2). Because most of the canopy leaves are

not exposed to full sunlight in dense tropical forests, we followed Mercado et al.

(2006) who calculated the fraction of shaded leaves to account for 70–85 % of total

leaf area in a mature tropical lowland forest in Brazil with an LAI of 5.7. For the

dense stands at 1,050 and 1,890 m, we assumed that only 20 % of the leaf area is

exposed to more or less full sunlight, while 80 % were assumed to be shade leaves.

In the elfin forest at 3,060 m with a much smaller LAI, in contrast, we estimated that

half of the leaves were sun leaves. We reduced the measured sun-canopy Amax

figures by 35 % following Strauss-Debenedetti and Bazzaz (1996) and used these

values to extrapolate to the assimilation of the shade canopy. To account for the

effect of light limitation, we assumed that sun and shade leaves operated with light

saturation during the sunshine hours but reached only 0.3 � Amax in the remaining

overcast or rainy hours (model 1). In a second approach (model 2), we assumed that

10 The Carbon Balance of Tropical Mountain Forests Along an Altitudinal Transect 121



Table 10.2 Approaches and measuring conditions for investigating the biomass and productivity

parameters in the 5 (3) intensive study plots (INT) and the 54 matrix plots (MAT)

Parameter

measured

Plot

type

Methods and measuring

conditions Replicates per plot References

Live biomass

Trunk and branch

biomass

INT Allometric equation

(DHB, height, wood

density) of Chave

et al. (2005)

80 trees >10 cm

DBH

Moser et al. (2008,

2011)

Trunk and branch

biomass

MAT Allometric equation

(DHB, height, wood

density) of Chave

et al. (2005)

All trees �5 cm

DBH in

0.04 ha-plots

Liana biomass MAT Allometric equations

(DHB), average of

Lü et al. (2009),

Schnitzer et al.

(2006) and Sierra

et al. (2007)

All liana stems

�1 cm DBH in

0.04 ha-plots

Biomass of

epiphytes and

ground

vegetation

None Literature data from

tropical forests with

similar structure

(see Table 10.7)

None Werner et al.

(2012), Sierra

et al. (2007),

Gibbon et al.

(2010), Vieira

et al. (2011)

Standing leaf

biomass

INT Annual leaf litter pro-

duction � mean

leaf lifespan

12 litter traps,

254–666 marked

leaves

Moser et al. (2007)

Leaf area index (1) INT LAI-2000 Plant Canopy

Analyzer (Li-Cor)

Taken at 10 random

locations

Moser et al. (2007)

Leaf area index (2) INT Leaf litter production +

mean leaf

lifespan + mean

SLA

Data from 12 litter

traps

Moser et al. (2007)

Fine root biomass

(<2 mm in

diameter)

INT Soil coring to 30 cm

depth (diameter:

3.5 cm); life/dead

separation under

microscope

20 locations per plot Moser et al. (2010),

Hertel and

Leuschner

(2002)

Coarse and large

root biomass

(>2 mm–30 cm

in diameter)

INT Excavation to 50 cm,

live/dead separa-

tion; root stumps not

covered

12–16 soil pits Soethe et al. (2007)

Productivity

Stem wood

increment

INT Dendrometer tapes (D1,

UMS, Munich) read

monthly

80 trees >10 cm

DBH

Moser et al. (2011)

Stem wood

increment

MAT Repeated annual DBH

measurements

All trees >10 cm in

0.04 ha-plot

(continued)
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Table 10.2 (continued)

Parameter

measured

Plot

type

Methods and measuring

conditions Replicates per plot References

Leaf litter fall INT Litter traps (0.25 m2)

sampled every 3–6

weeks

12, randomly placed Moser et al. (2007),

Moser et al.

(2011)

Leaf litter fall MAT Litter traps (0.36 m2)

sampled every 2–4

weeks

6, randomly placed

Leaf lifespan INT Leaf survivorship

curves of 10–15

understorey trees

254–666 leaves per

plot

Moser et al. (2007)

Fine root

production

INT Minirhizotron observa-

tion to 40 cm depth,

CI-600 root growth

scanner

(Washington, USA)

10 tubes per plot Graefe et al.

(2008a, b),

Moser et al.

(2010)

Coarse and large

root growth

INT Dendrometer tapes (D1,

UMS) on roots

>3 cm and <32 cm

diameter, read every

3 months

20 root segments Soethe et al. (2007)

Gross photosyn-

thesis (trees)

INT LI-6400 (Li-Cor), Amax

at ambient T and

[CO2] of light-

exposed leaves,

4–20 m tall trees

(lower sun canopy),

light response

curves (see

Table 10.3)

10–15 species per

plot (62 species

in total), each

3 leaves on 1 tree

per species

Wittich et al. (2012),

Zach (2008)

Leaf dark respira-

tion (trees)

INT LI-6400, sun-exposed

leaves, 2–5 min

acclimation to dark-

ness, shade leaf res-

piration: Veneklaas

and Poorter (1998)

10–15 species per

plot (40 species

in total), 1 tree

per species

Wittich et al. (2012)

Stem and coarse

root respiration

INT 6-chamber respiration

system ANARESY

2 (Walz, Germany),

LI-7000 analyser,

branch respiration

estimated

13–16 species (stem

respiration) and

4–8 coarse roots

per plot

Zach et al. (2008,

2010)

Soil respiration INT Closed chamber method

(EGM-4 IRGA, PP

systems, UK), cor-

rection for root

decomposition

16 per plot, root

trenching for

estimating root

respiration

Iost (2007)

Soil organic carbon MAT Organic layer + min-

eral soil to 50 cm

depth, corrected for

bulk density

Soil pits in close

vicinity of the

plots (1,000 m:

14, 2,000 m: 16

and 3,000 m: 12)

For further details see the publications listed

DHB diameter at breast height, SLA specific leaf area
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photosynthesis is, in addition to light limitation, temporarily reduced by

unfavourable temperatures at higher elevations and thus set the reduction factor

to 0.3, 0.2 or 0.1 � Amax in the stands at 1,050, 1,890 and 3,060 m, respectively. We

added the measured leaf dark respiration to the sum of CO2 net assimilation

(12 h day�1, 365 days) for obtaining annual gross photosynthesis (see Table 10.3).

Clearly, the calculated daily and annual sums of carbon influx into the forest stands

are only rough estimates, but they may be useful for characterising the altitudinal

trend because two influential variables used for upscaling (Amax and LAI) were

measured with quite a large effort.

To account for differences in dark respiration (RD) of sun and shade leaves, we

used the proportional difference in RD measured by Veneklaas and Poorter (1998)

in tropical tree seedlings grown either under high (1,000 μmol photons m�2 s�1) or

low light (100 μmol photons m�2 s�1, 53 % lower). In an attempt to calculate

Table 10.3 Parameters characterising the radiation climate and photosynthetic capacity in the

canopies of the plots # 1, 3 and 5 and estimated annual gross photosynthesis according to two

different models (photosynthesis data after Wittich et al. unpubl. radiation data from Emck 2007)

Plot no. 1 3 5

Elevation [m] 1,050 1,890 3,060

LAI (litter production + leaf lifespan + SLA) 6.0 5.7 2.2

LAI (LAI-2000 measurement) 5.1 3.9 2.9

Proportion of LAI in sun canopy (estim.) [%] 20 20 50

Proportion of LAI in shade canopy (estim.) [%] 80 80 50

Mean global radiationa [W m�2] 285b 348 360

Mean PPFDa,c [μmol photons m�2 s�1] 610b 740 765

Sunshine duration [% of daytime period] 18 27 30

Amax of sun leaves [μmol CO2 m
�2 s�1] 6.9 (�0.6) 8.6 (�0.5) 5.3 (�0.7)

Light compensation point of sun leaves

[μmol photons m�2 s�1]

601 696 620

Amax of shade leaves (estimate)d [μmol CO2 m
�2 s�1] c. 4.5 c. 5.9 c. 3.7

Leaf dark respiration in daylight hourse

[Mg C ha�1 year�1]

5.6 4.0 3.5

Gross photosynthesis (annual total)—Model 1f

[Mg C ha�1 year�1]

26.0 27.2 16.0

Gross photosynthesis (annual total)—Model 2g

[Mg C ha�1 year�1]

26.0 23.7 12.5

aMean of daytime hours
bMeteorological station El Libano at 1,970 m above plot # 1
cEstimated by assuming that 1 mol photons is equivalent to 0.235 J and 50 % of incident global

radiation is in the PhAR range
dAssuming an Amax reduction by 35 % relative to the sun leaves according to empirical data of

Strauss-Debenedetii and Bazzaz (1996)
eBased on RD means
fAssuming photosynthesis at light saturation during sunshine hours and a mean rate of 0.3 � Amax

during overcast periods in all three stands
gAssuming photosynthesis at light saturation during sunshine hours and at mean rates of 0.3, 0.2 or

0.1 � Amax during overcast periods in the 1,050, 1,890 and 3,060 m stands, respectively
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annual totals of foliage dark respiration, we assumed that nighttime leaf respiration

(RN) is roughly equal to the measured daytime respiration rates (RD). Such a rough

approximation may be justified because, in these forests, temperatures at night are

typically 5–7 K lower than the daytime temperatures when the RD measurements

were conducted. On the other hand, RD may be only 50 % or less of RN at equal

temperatures due to refixation of CO2 (Evans et al. 2004).

We did not measure branch and twig wood respiration (RB) but added a term of

the same size of wood respiration, thereby accounting for the observation that stem

and branch wood respiration in forests may be equally large (e.g., Ryan et al. 1995).

Cavaleri et al. (2006) found wood elements<10 cm in diameter to account for 70 %

of the total wood CO2 efflux in various plant functional groups (trees, lianas and

palms) in a tropical lowland forest indicating that our assumed figure may even

underestimate reality.

10.3 Results and Discussion

10.3.1 Carbon in Biomass and Soil

Data on C pools in biomass (above- and belowground) and soil organic matter are

compiled for the five intensive study plots in Tables 10.4 and 10.5. In addition,

Table 10.6 presents means, standard errors and ranges of aboveground biomass

(and wood and litter production) for the 54 matrix plots at 1,000, 2,000 and 3,000 m

elevation. The matrix plot data may help to place the results from the intensive plots

in a broader context and to extrapolate from the plot to the landscape level. In the

synthetic Table 10.7, data from the intensive plots and the matrix plots are com-

bined to generate an as accurate as possible estimate of the carbon stored in all

relevant biomass and soil fractions of South Ecuadorian pre-montane (~1,000 m a.s.l.),

montane (~2,000 m) and upper montane forests (~3,000 m).

Accordingly, total aboveground C (AGC) markedly decreases from 1,000 to

3,000 m (from 128 to 70 Mg C ha�1), while belowground C (BGC) seems to remain

invariant with elevation or shows a slight increase (from 242 to 270 Mg C ha�1; tree

stumps are not included in these figures). With 190–240Mg C ha�1, the soil organic

carbon (SOC) pool (determined to a mineral soil depth of 50 cm plus organic layer;

Iost 2007) was much larger at all three elevations than SOC pools reported from

lowland forests: For the 0–100 cm profile, roughly 100 Mg C ha�1 are a typical

estimate for tropical soils (mainly under forest) in Central Africa (82–84Mg C ha�1;

Batjes 2008), Amazonia (98 Mg C ha�1, Batjes and Dijkshoorn 1999;

103 Mg C ha�1, De Moraes et al. 1995) and Southeast Asia (102–124 Mg C ha�1,

Chen et al. 2005; 55 Mg C ha�1, Yonekura et al. 2010). Given that our figures cover

only the 0–50 cm profile, the montane forests in South Ecuador stored more than

twice the SOC amount than lowland forest soils.
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Assuming Amazonian lowland forests to store on average about 160 Mg C ha�1

in aboveground biomass (Malhi et al. 2006) and adding a root biomass estimate by

assuming a root:shoot ratio of 0.235 for tropical moist forests (Mokany et al. 2006)

plus 100 Mg C ha�1 for the SOC pool, an ecosystem C pool of about 300 Mg C ha�1

is obtained for lowland forests, which is less than the estimate of 319–369MgC ha�1

for the pre-montane to upper montane forests in Ecuador. It may well be that certain

other tropical mountain forests contain even larger ecosystem C pools than those

reported here since Raich et al. (2006) found SOC pools up to >400 Mg C ha�1

(0–100 cm, excluding surface litter), which is more than that found in the

Ecuadorian mountain forests. However, lower SOC figures have also been reported

(e.g. 118 Mg C ha�1 in Peruvian treeline forests, Zimmermann et al. 2010). One

likely reason for high belowground/aboveground ratios in C storage in tropical

mountain forests is low N (and perhaps P) availability in many montane and upper

montane forests (Moser et al. 2011, Chap. 23). Thus, we conclude that the tropical

mountain forests of this study represent similarly important, or even more impor-

tant, carbon stores than tropical lowland forests despite the markedly smaller wood

biomass at higher elevations.

10.3.2 Carbon Fluxes

Our estimates of gross primary production (GPP, i.e. NPP + Raut, Table 10.8: lines

38 and 39) ranged between 25.5 and 14.1 Mg C ha�1 year�1 for the stands at 1,050

and 1,890 m, respectively, which is markedly lower than the GPP mean given by

Table 10.6 Some parameters characterising stand structure and productivity of the 54 matrix

plots at the three elevations (18 plots per elevation level each)

Elevation [m]

1,000

(1,020–1270)

2,000

(1,910–2,090)

3,000

(2,800–2,900)

Stem density (DBH � 5 cm) [ha�1] 1,707 � 111a

(1,327–1,884)

2,486 � 196b

(1,915–2,973)

2,804 � 320b

(1,949–3,663)

Tree basal area (DBH � 5 cm)

[m2 ha�1]

46 � 6 (31–56) 48 � 4 (43–56) 41 � 2 (34–47)

Stem and branch wood biomass

(DBH � 5 cm) [Mg C ha�1]

109 � 9a

(84–121)

104 � 13a

(70–113)

60 � 4b (49–66)

Stem and branch wood biomass

increment (DBH � 10 cm)

[Mg C ha�1 year�1]

1.6 � 0.1a

(1.1–2.1)

1.3 � 0.2a

(0.7–1.6)

0.7 � 0.1b

(0.5–0.9)

Leaf litter production

[Mg C ha�1 year�1]

2.9 � 0.2a

(2.6–3.2)

3.4 � 0.2b

(2.8–4.0)

1.9 � 0.1c

(1.7–2.0)

The labels 1,000, 2,000 and 3,000 m stand for the elevation ranges indicated below. Given are

means � standard errors and the range of second to third quartile. C concentrations for wood

biomass and leaf litter were taken from Table 10.4. Different letters indicate significant differences

among elevations (one-way ANOVA, Tukey HSD test at p � 0.05)

DHB diameter at breast height
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Luyssaert et al. (2007) for tropical humid evergreen forests at low elevations

(35.51 � 1.60 Mg C ha�1 year�1, n ¼ 6); our GPP figures are closer to the

means given by these authors for temperate evergreen and deciduous forests

(17.62 and 13.75 Mg C ha�1 year�1). The annual total of gross photosynthesis

(30.4–32.0 Mg C ha�1 year�1) calculated by Malhi et al. (1999, 2012) for an

Amazonian lowland forest is also considerably larger than the GPP value of our

pre-montane and montane forests. One explanation for the comparatively low

calculated gross primary production in the Ecuadorian mountain forests is that

our NPP figure is an underestimate because it does not include all relevant

components such as herbivory and root exudation. However, a probably equally

important cause is the lower temperature in pre-montane and montane elevation

(19 and 16 �C compared to 23–24 �C in the lowlands), which must result in a

smaller GPP than in lowland forests due to lower autotrophic respiration

rates. According to the data compilation of Luyssaert et al. (2007), tropical

moist forests at low elevations have a mean autotrophic respiration rate of

Table 10.7 Carbon pools [Mg C ha�1] in biomass and soil in forests at 1,000, 2,000 and 3,000 m

elevation. Values in parentheses (lines 3, 5 and 6) are estimates

Elevation [m] 1,000 2,000 3,000

Leavesa 2.9 3.4 2.4

Stem and branch woodb 109 104 61

Epiphytesc (2.5) 2.1 (1.5)

Lianas 2.5 1.7 0.4

Ground vegetationd,e,f (0.3)d 1.5f (2.7)e

Coarse woody debrisd,e,g,h (2.7–19.1)d,g 4.3h (1.8)e

Coarse rootsa 14.2 9.7 24.7

Fine rootsa 1.8 2.8 5.4

SOCb,i 226 191 241

Total 370.1 319.5 339.9

Total aboveground (AGC) 128.1 (35 %) 117.0 (37 %) 69.8 (21 %)

Total belowground (BGC) 242 (65 %) 203.5 (63 %) 270.1 (79 %)

C in biomass 133.2 (36 %) 125.2 (39 %) 98.1 (29 %)
aIntensive study plots # 1, 3 and 5
bMatrix plots; DBH � 5 cm, means of n ¼ 18 plots each
cWerner et al. (2012): data from Puerto Rico (pre-montane forest, 930–1,015 m a.s.l.), from the

San Francisco (S Ecuador) study site (lower montane forest, 2,050–2,150 m a.s.l.) and from Costa

Rica (upper montane forest, 2,900 m a.s.l.), carbon fraction in dry epiphyte biomass was estimated

to be 0.45
dSierra et al. (2007), data from Colombia (pre-montane forest, ~1,000 m a.s.l.): CWD > 2 cm

diameter, ground vegetation included herbs and all woody plants with DBH < 1 cm
eGibbon et al. (2010), data from Peru (upper montane forest, >3,000 m a.s.l.): CWD > 10 cm

diameter, ground vegetations included shrubs and bamboo
fNo data available, figures estimated
gVieira et al. (2011): data from Brazil (montane Atlantic forest, 1,027–1,070 m a.s.l.): CWD > 2

cm diameter
hWilcke et al. (2005): data from the San Francisco study site (S Ecuador, lower montane forest,

1,900–2,180 m a.s.l.): CWD > 10 cm diameter
iMineral soil 0–50 cm depth plus organic layer
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Table 10.8 Summary table of C fluxes [Mg C ha�1 year�1] in the three intensive study plots # 1, 3

and 5

Plot no. 1 3 5

Elevation [m] 1,050 1,890 3,060

Aboveground (AG)

(1) Leaf area index [m2 m�2] (LAI) 5.1 3.9 2.9

(2) Sun leaf Amax [μmol CO2 m
�2 s�1] (Amax) 6.9 8.6 5.3

(3) Estimate of annual gross photosynthesisa,b 26.0 23.7 12.5

(4) Production of stem and branch wood (PW) 1.37 0.42 0.07

(5) Production of tree leaves (PL) 2.54 2.51 0.92

(6) Production of reproductive organs (PRep) 0.45 0.18 0.03

(7) Production of twigs (PTw) 0.55 0.43 0.19

(8) Production of epiphyte biomass (PE) 0.14 0.13 0.11

(9) Production of bamboo biomass (PBa) 0 0.78 0.10

(10) Other fine litter components (Poth) 0.21 0.17 0.02

(11) Total fine litter production (PFL) 3.89 4.20 1.37

(12) Dark respiration of tree foliage (RD) 5.60 3.96 3.38

(13) Respiration of reproductive organs (RRep) n.d. n.d. n.d.

(14) Respiration of branches and twigsc (RB) 1.86 1.20 0.43

(15) Respiration of stems (RW) 1.86 1.20 0.43

(16) Tree AG NPP (4) + (5) + (6) + (7) (ANPPT) 4.91 3.54 1.21

(17) Total AG NPP (16) + (8) + (9) + (10) (ANPPtot) 5.26 4.62 1.44

(18) Total AG C effluxd (12) + (13) + (14) + (15) 9.32 6.36 4.24

(19) Total AG C consumption (17) + (18) 14.58 10.98 5.68

(20) C transfer to roots (39) � (17) � (18) >10.90 >6.90 >3.52

Belowground (BG)

(21) Production of fine roots (PFR) 1.06 1.35 2.21e

(22) Production of coarse and large roots (PCR) 0.08 0.11 0.42

(23) Respiration of fine rootsf (RFR) 5.36 1.44 0.30

(24) Respiration of coarse and large roots (RCR) 0.46 0.22 0.42

(25) Tree BG NPPg (21) + (22) (BNPPT) 1.14 1.46 2.63

(26) Root respiration (23) + (24) (RR) 5.82 1.66 0.72

Soil

(27) Total soil respiration (Rsoil) 13.03 9.32 3.83

(28) Heterotrophic respiration (27)�(26) (Rhet) 7.21 7.66 3.11

(29) Fine root litter productionh (LFR) 1.06 1.35 2.21

(30) Coarse root litter production (LCR) n.d. n.d. n.d.

(31) AG tree litter prod. (5) + (6) + (7) (LT) 3.54 3.12 1.14

(32) Non-tree fine litter (8) + (9) + (10) (LNT) 0.35 1.08 0.13

(33) SOM change (29) + (30) + (31) + (32) � (28) (ΔSOM) �2.26 �2.11 +0.37

(34) Total autotrophic respiration (18) + (26) (Raut) 15.14 8.02 4.96

(35) Ecosystem respiration (28) + (34) (Reco) 22.35 15.68 8.07

(36) Tree NPP (16) + (25) (NPPT) 6.05 5.00 3.84

(37) NPP (17) + (25) (NPP) 6.40 6.08 4.07

(38) GPP (37) + (34) (GPP) >21.54 >14.10 >9.03

(39) GPP ~ 1.14 � Reco
i (GPPest) 25.48 17.88 9.20

(40) NEPj (38) � (35) (NEP) �0.81 �1.58 0.96

(continued)
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c. 23.2 Mg C ha�1 year�1, which is about 50 % larger than our Raut estimate for the

stand at 1,050 m with a 4–5 �C lower MAT. The significant temperature effect on

gross primary production (GPP) is also visible in the much lower GPP value of the

uppermost stand at 3,060 m, which apparently assimilated CO2 at less than half the

rate (c. 9.2 Mg C ha�1 year�1) than did the stand at 1,050 m.

We estimated the gross photosynthesis of the tree canopies in its annual total

using the Amax, RD and LAI data of the stands. Extrapolating photosynthesis and

leaf respiration to the stand level is sensitive to variation in LAI and thus to the

method used for leaf area measurement (Cavaleri et al. 2006). We preferred the

optical LAI figures (LAI-2000 system) for calculation, because the values derived

for the 1,890 and 3,060 m stands appeared to be more realistic than the biomass-

related LAI data that require an estimate of mean leaf longevity. The LAI estimate

of 5.1 for the 1,050-m stand agrees well with leaf area indices of 5–6 reported from

tropical lowland forests (Malhi et al. 1999; Grace and Meir 2009), given that we

found a LAI decrease by roughly 1 unit per km elevation increase along the transect

(see also Moser et al. 2007 and Unger et al. 2013).

While the absolute amount of CO2 assimilated by the tree canopies must remain

relatively uncertain (estimated at 12.5–26.0 Mg C ha�1 year�1 in the three stands,

Table 10.8: line 3), it is safe to conclude that gross photosynthesis is substantially

reduced from 2,000 to 3,000 m elevation in this transect due to large decreases in

LAI and photosynthetic capacity (Table 10.3).

We attempted to analyse the carbon balance of the three forests with a bottom-up

approach, because it was not possible to conduct stand-level measurements of total

CO2 influx and efflux using eddy covariance or microclimatological gradient

techniques in the mountainous terrain. This has the consequence that the upscaled

growth and respiration figures cannot be checked against independent stand-level

Table 10.8 (continued)

Plot no. 1 3 5

Elevation [m] 1,050 1,890 3,060

(41) Percent NPP of GPPest (37)/(39)
i 25 34 44

(42) Percent PW of NPPT (4)/(36) 23 8 2

(43) Percent root transfer of GPPest (20)/(39) >43 >39 >38

n.d. not determined
aOnly trees, does not include epiphytes, lianas and understorey
bOutput of model 2 assuming photosynthesis at light saturation during sunshine hours and at mean

rates of 0.3, 0.2 or 0.1 � Amax during overcast periods in the 1,050, 1,890 and 3,060 m stands
cAssumed to be equal to stem respiration
dAboveground autotrophic respiration (only trees)
eExtrapolated from the trend line over the plots # 1–4 (see Table 10.4)
fSoil respiration in trenched plots corrected for root decomposition
gC transfer to mycorrhiza and root exudation not considered
hAssumed to equal fine root production
iAssuming a Reco/GPP ratio of 0.88 for tropical moist forests (Luyssaert et al. 2007)
jMinimum values due to the underestimation of NPP and GPP; NEP figures based on GPPest are

larger and in all plots positive
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data and certain fluxes calculated in this study must therefore be treated as rough

estimates. For example, the GPP calculation is likely biased by errors in the

upscaling process from organ-level respiration measurements to the stand level

(Zach et al. 2010). Further, no empirical data exist for the respiration of branches

and twigs, which may have higher CO2 efflux rates than stems of the same diameter

(Cavaleri et al. 2006; Robertson et al. 2010). Similarly, our “bottom-up” approach

of calculating NPP faces a number of shortcomings; a major uncertainty is the fine

root production figure especially of the uppermost plot (# 5), which may be an

overestimate given the low root respiration rates measured in this stand (compare

Moser et al. 2010). The direct observation of fine root growth and death by the

minirhizotron technique in the 3,060 m stand may have included periods in which a

steady state of root production and mortality had not yet been reached, thus

resulting in the overestimation of root production. Furthermore, extrapolating root

growth from the topsoil to lower horizons might introduce an additional error.

However, most other studies on root production in tropical forests used even less

reliable approaches such as the ingrowth core method or indirect estimates of fine

root production (Raich et al. 2006), which similarly questions the accuracy of NPP

and GPP figures that have been used for calculating biome means (e.g. the database

in Luyssaert et al. 2007). Similar to most other related investigations, we ignored a

number of C consuming processes that are notoriously difficult to measure such as

root exudation, C transfer to mycorrhizal hyphae, herbivory and the release of

volatile organic compounds, which would increase our NPP figures.

A strength of our study is that the NPP, respiration and photosynthesis figures

base on intensive measuring campaigns covering a large number of tree individuals

and species, thus generating a more comprehensive data base than is typically

available in carbon cycle studies in tropical forests. Moreover, the focus of this

study was primarily on altitudinal trends in carbon cycle components and a relative

comparison of the C balance of the stands. The data from the 54 additional matrix

plots at 1,000, 2,000 and 3,000 m elevation are useful for validating altitudinal

trends for a number of key carbon pool and flux parameters including aboveground

biomass and wood production.

The data from the 54 matrix plots at variable slope positions show that the results

from the three intensive study plots # 1, 3 and 5 give correct altitudinal trends for

biomass and productivity along the transect (Table 10.6). However, the three plots

are partly deviating from the landscape means of biomass and productivity as they

appear from the matrix plots at 1,000, 2,000 and 3,000 m elevation. The stand

# 1 possessed a higher than average wood biomass due to a relatively low number of

stems, which had particularly large diameters. In contrast, the stands # 3 and 5 at

2,000 and 3,000 m had smaller than average wood biomasses and lower wood and

leaf production figures, which is a consequence of a relatively low basal area in plot

# 3 and a high density of small-diameter stems in plot # 5.

From the difference between GPP and the C consumption by aboveground tree

organs (growth and respiration), we estimated a C transfer to the roots of

c. 10.9–3.5 Mg C ha�1 year�1 for the stands # 1–5, which equals 43–38 % of

GPP (lines 20 and 43 in Table 10.8). The order of magnitude agrees well with data
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of Raich et al. (2006) on the estimated belowground C allocation in tropical

evergreen forests growing at mean annual temperatures of ~10–20 �C
(c. 1.8–10.0 Mg C ha�1 year�1). Given that the estimated belowground transfers

in Ecuador are minimum fluxes, the figures also are in accordance with the value

(45 %) given by Malhi et al. (1999) for a tropical lowland forest. The estimated

belowground C transfers in our three stands exceed the sum of measured root

production and root respiration by 0.17 to >3.5 Mg C ha�1 year�1. Possible causes

for this discrepancy are errors in the calculation of autotrophic respiration at the

stand level and the existence of quantitatively important carbohydrate fluxes from

the roots to the rhizosphere, which are not included in our calculation.

10.3.3 Altitudinal Trends

We found several changes in C cycle components with increasing elevation that

may be direct effects of the temperature decrease or are caused by other factors that

also change with altitude. GPP, NPP and NEP showed large and continuous

decreases from 1,050 m (19 �C) to 3,060 m (9 �C); we calculated a GPP decrease

by about 1.25 Mg C ha�1 year�1 and an NPP decrease by about

0.23 Mg C ha�1 year�1 per K temperature decrease. The NPP reduction was

particularly large between 2,000 and 3,000 m, i.e., with a decrease in mean

temperature from 16 �C to 9 �C. In an altitudinal gradient in Peru, Girardin et al.

(2010) found a relatively small NPP reduction between 1,000 and 3,000 m, but a

drop to the half from 210 to 1,000 m elevation.

The results from tropical altitudinal transects indicate in general a positive

relation between temperature and the NPP of tropical moist forests, thereby

contradicting Luyssaert et al. (2007) who concluded that forest NPP does not

increase at temperatures above 10 �C. However, their data from tropical forests

showed a considerable scatter and included a few tropical seasonal forests with less

than 1,500 mm rain per year. There is the possibility that a temperature effect on

tropical forest NPP (above- and belowground) is only detectable in samples

restricted to stands with defined moisture status as is the case in the moist mountain

forests of this study. Moser et al. (2011) and Wittich et al. (2012) suggested that the

main reason for the NPP decrease is N shortage at high elevations, which limits

stand leaf area and Amax while reduced temperature should affect productivity

mainly indirectly through a negative effect on N supply.

Marked decreases with elevation were also detected for autotrophic and hetero-

trophic respiration and all organ-specific respiration fluxes. While stem and root

respiration on a tissue surface area basis decreased with elevation (see also

Robertson et al. 2010), this was not the case with leaf dark respiration per leaf

area, which remained invariant between 1,000 and 3,000 m; this is primarily a

consequence of the large SLA decrease along the transect (Leuschner et al.

unpubl.). The efflux of CO2 from the soil (total soil respiration as the sum of root

respiration and soil heterotrophic respiration) decreased to less than a third from
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1,050 to 3,060 m in the intensive study plots and to the half in the 54 matrix plots.

The upslope reduction in fine root respiration appeared to be even larger than the

reduction in total soil respiration. Given the more than fourfold increase in standing

fine root biomass between pre-montane and upper montane elevation, the decrease

in fine root respiration implies that fine root relative growth rate and nutrient and

water uptake must be much lower in the 3,060 m stand than under the higher

temperatures at 1,050 m. It appears that the trees in the high-elevation elfin forest

are maintaining a very large fine root system for compensating a low resource

uptake and growth activity of their roots.

Leuschner et al. (2007), Hertel and Leuschner (2010) and Moser et al. (2011)

reported a large shift in C allocation patterns from stem growth to root (mostly fine

root) production in this transect between 1,050 and 3,060 m. Indeed, the proportion

of stem growth in NPP dropped to a tenth of its value between 1,050 and 3,060 m,

while the proportion of C invested in root production increased from 19 to 68 %. In

the Peruvian elevation transect, the ratio of above- to belowground NPP stayed

more or less constant between 210 and 3,000 m elevation (Girardin et al. 2010),

which may point at different soil fertilities in the two Andean transects. A closer

look with additional consideration of data on root respiration and relative below-

ground C transfer (lines 23, 24 and 20 of Table 10.8) shows no altitudinal trend in

relative aboveground/belowground C allocation patterns in the Ecuadorian transect.

Rather, a marked shift from root respiration to root biomass production occurred,

i.e., from root metabolic activity to the production of root structures.

A large altitudinal decrease was also detected for the total amount of above-

ground litter production, which reached at 3,060 m only a third of its low-elevation

value (see Chap. 23) and was accompanied by a doubling of the amount of organic

carbon stored in the organic layer and the mineral topsoil (0–30 cm). These

opposing trends indicate a dramatic decrease in decomposition rate between

1,050 and 3,060 m elevation and consequently a rising mean carbon residence

time in the soil with increasing altitude.

Our calculation of soil heterotrophic respiration shows that the C cycle in the soil

appears not to be balanced; rather, it indicates a deficit of c. 2 Mg C ha�1 year�1 in

the input/output balance of soil organic matter (SOM) for the 1,050 m and 1,890 m

stands. If this statement is valid, substantial C losses from the belowground

compartment are occurring in the pre-montane and lower montane stands and

NEP should take a negative value as is indicated by our NEP estimates derived

from the difference between GPP and Reco. Whether this apparent imbalance is

indeed caused by SOM losses over longer time spans and the stands at 1,050 and

1,890 m are in fact functioning as CO2 sources in recent time, or whether the deficit

is the result of erroneous estimates of heterotrophic respiration (possible overesti-

mation) or of fine and coarse root mortality (possible underestimation), can only be

answered by repeated sampling of the SOM pools over one or two decades.

We conclude that temperature is influencing mountain forest GPP and NPP both

directly and indirectly. The most influential temperature effects are probably the

altitudinal decline in stem and root respiration rates (but less in leaf respiration),

which may be linked to reduced growth rates, and the reduction in heterotrophic
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respiration in the soil, slowing down decomposition and mineralisation rates.

Impaired N supply in the cold high-elevation forests seems to reduce annual carbon

gain mainly through a restriction of leaf area expansion, which limits carbon gain.

10.4 Conclusions

Several results of this study are unexpected. First, the ecosystem C pool of the

mountain forests was equally large, or even larger, than that of neotropical lowland

forests, mainly due to the large C store in the soil. This finding highlights the

outstanding role, tropical Andean mountain forests are playing with respect to C

storage, an ecosystem service with increasing importance in the light of rising

atmospheric carbon dioxide concentrations and temperatures (see Chap. 24). Sec-

ond, total (above- and belowground) NPP decreased by about 0.23MgCha�1 year�1

per �C temperature decrease, which contradicts earlier assumptions that forest NPP

is insensitive to temperature in tropical and subtropical regions. Marked decreases

with elevation were also detected for the stand-level estimates of annual gross

photosynthesis and autotrophic and heterotrophic respiration. While fine root pro-

duction seems to increase with elevation, root respiration decreased, which

indicates a marked shift from C investment in root metabolic activity to the

production of root structures towards high elevations; we found no altitudinal

trend in the relative aboveground/belowground C allocation patterns of the trees.

We conclude that altitudinal gradient studies may represent a valuable tool for

studying temperature effects on the functioning of tropical forests.
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