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Abstract

Tropical montane forests (TMFs) are recognised for the provision of hydrological ser-
vices and the protection of biodiversity, but their role in carbon storage is not well un-
derstood. We synthesized published observations (n = 89) of above-ground biomass
(AGB) from forest inventory plots in TMFs (defined here as forests between 23.5◦ N5

and 23.5◦ S with elevations≥ 1000 ma.s.l.). We found that mean (median) AGB in TMF
is 257 (239) t per hectare of Earth’s surface. We demonstrate that AGB declines mod-
erately with both elevation and slope angle but that TMF store substantial amounts of
biomass, both at high elevations (up to 3500 m) and on steep slopes (slope angles of up
to 40◦). We combined remote sensed datasets of forest cover with high resolution data10

of elevation to show that seventy five percent of the planimetric global area of TMF are
on steep slopes (slope angles greater than 27◦). We used our remote sensed datasets
to demonstrate that this prevalence of steep slopes results in the global land-surface
area of TMF (1.22 million km2) being 40 % greater than the planimetric (horizontal) area
that is the usual basis for reporting global land surface areas and remotely sensed data.15

Our study suggests that TMF are likely to be a greater store of carbon than previously
thought, highlighting the need for conservation of remaining montane forests.

1 Introduction

Tropical montane forests (TMFs) are important for the provision of ecosystem services
particularly water (Martínez et al., 2009) and biodiversity (Martínez et al., 2009; Gen-20

try, 1992), but their role in global carbon storage is less well known (Bruijnzeel and
Veneklaas, 1998). In lowland tropical forests there have been recent advances in our
understanding of above-ground biomass (AGB) storage, through synthesis of data from
forest inventory plots (Baker et al., 2004; Malhi et al., 2006; Gibbs et al., 2007; Saatchi
et al., 2007; Slik et al., 2010; de Castilho et al., 2006; Lewis et al., 2013) and application25

of remote sensing techniques (Asner et al., 2010; Saatchi et al., 2011; Baccini et al.,
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2012; Simard et al., 2011). However, knowledge of AGB storage in TMF is still quite
poor: persistent cloud cover and steep terrain makes remote sensing difficult (Simard
et al., 2011; Castel et al., 2001), there is a paucity of plot-based data which is difficult
to acquire on steep slopes (Malhi et al., 2006), and few attempts have been made to
synthesise the available observations. Tropical montane forest soils can also contain5

large amounts of biomass, similar in magnitude to the amount of AGB, though insuf-
ficient data are available to include this parameter in our analysis (e.g., Moser et al.,
2011; Álvarez-Arteaga et al., 2013; Omoro et al., 2013).

The higher elevations of TMFs result in changes to many important environmental
variables including temperature, rainfall, cloud cover, incoming solar radiation, wind10

speed, nutrient inputs and soil type (Lieberman et al., 1996). The impact of these en-
vironmental variables on biomass storage is not well known. TMF are also commonly
located on steep slopes, impacting forest structure through altering access to space
and light resources (Robert, 2003) and through altering the incidence of landslides
(Dislich and Huth, 2012). TMF typically have lower canopy height than lowland forests15

(Kitayama and Aiba, 2002; Leuschner et al., 2007; Fisher et al., 2013; Girardin et al.,
2014a) which may be expected to reduce AGB storage. Studies along elevational tran-
sects in the Andes have reported increasing stem density with elevation (Girardin et al.,
2014a), but no trends in basal area (Girardin et al., 2014a). Leaf area index appears to
either have little trend with elevation (Fischer et al., 2013) or to decline with increasing20

elevation (Leuschner et al., 2007). Previous studies of AGB along a single elevational
transect have found declining (Kitayama and Aiba, 2002; Raich et al., 2006; Girardin
et al., 2010, 2014a), increasing (Rai and Proctor, 1986) or no (Culmsee et al., 2010) re-
lationship with elevation. Regional studies suggest that elevation may not be the most
important variable in explaining the variability in AGB (Slik et al., 2010; Leuschner25

et al., 2007), with rainfall and soil characteristics explaining more of the variability in
AGB across Borneo compared to elevation. Previous analysis has mainly focused on
lowland tropical forests and has correlated AGB with temperature (Raich et al., 2006),
rainfall (Malhi et al., 2006; Saatchi et al., 2007; Slik et al., 2010), soils (Malhi et al.,
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2006; Saatchi et al., 2007; Slik et al., 2010), slope angle (Mascaro et al., 2011) and
specifics related to the tree community (Baker et al., 2004). Below ground carbon also
varies with elevation, with fine root biomass increasing along elevational transects in
the Andes (Kitayama and Aiba, 2002; Leuschner et al., 2007; Moser et al., 2011; Gi-
rardin et al., 2013).5

To improve our understanding of AGB storage in TMFs we synthesised estimates of
live AGB from forest inventory plots that have been reported in the peer reviewed liter-
ature. We explored the role of topographical and climatological variables in controlling
AGB. We then used satellite remote sensing observations of pan-tropical forest cover
and topography to explore the impact of slope angle on AGB storage.10

2 Methods

2.1 Forest inventory plots

We synthesised peer reviewed studies of AGB storage in TMFs. We defined TMFs as
forests between latitudes of 23.5◦ N and 23.5◦ S and at altitudes≥ 1000 ma.s.l. Where
available we also synthesised topographical (elevation and slope angle) and climato-15

logical variables (annual mean temperature and annual mean rainfall) from the same
plots. AGB was typically reported per unit area of the Earth’s surface although some
studies reported AGB per unit planimetric area. For the latter, we used information on
slope angle to convert AGB to a surface area basis.

We used stepwise multiple linear regression to assess controls on AGB. Regressions20

of all independent variables (elevation, slope angle, mean annual temperature, mean
annual precipitation) were calculated and variables with insignificant correlations (P >
0.05, tested using a t test of the correlation coefficient) were discarded. Variables were
sorted according to the significance of the correlation coefficient and incorporated into
the multiple regression in declining order. This process was repeated until the strength25

of the correlation did not increase by a preset amount.
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2.2 Remote sensed data

We used remote sensed datasets to analyse the area and topography of TMFs. To
analyse the global extent of TMF, we used a remote sensed dataset of humid trop-
ical forest cover at a resolution of 18.5 km for the year 2000 (Hansen et al., 2008).
This product uses Landsat 7 ETM+ to calibrate the vegetation continuous field (VCF)5

product from the MODerate-resolution Imaging Spectroradiometer (MODIS) sensor on-
board NASA’s Terra satellite (Hansen et al., 2003). The VCF is derived from all 7 bands
of the MODIS sensor and contains proportional estimates for vegetation cover (woody
vegetation, herbaceous vegetation and bare ground).

To explore the topography of TMF we used the Global Multi-resolution Terrain Ele-10

vation Data 2010 (GMTED2010) 7.5 arc second (∼ 250 m horizontal resolution) mean
elevation product. GMTED2010 is based on data from 11 different sources with the
primary source being the Shuttle Radar Topography Mission. To calculate the elevation
of tropical forests we averaged the GMTED data to the same spatial resolution of the
forest cover product. We calculated the angle of slope across the tropics at the native15

resolution of GMTED. Slope was calculated for each pixel of the DEM from the mean
height of all the pixel neighbours. Our calculated slope will be a lower limit, primarily
due to variability in elevation at spatial resolutions less than 250 m.

3 Results and discussion

We synthesised 89 mean observations of AGB in TMF (Table 1) at locations across20

the Neotropics (North, Central and South America), Africa and Asia and at elevations
up to 3600 m. In our dataset, the AGB in TMF varied from 77 tha−1 to 785 tha−1 of the
Earth’s surface with mean (median) storage of 257 (239) tha−1. We found that mean
AGB in Asian TMF was 257 tha−1 (n = 31), greater than the mean AGB in Neotropical
TMF which was 219 tha−1 (n = 51), although the difference was not significant (Stu-25

dent’s t test, P > 0.1). Very few data were available for African TMF, where mean AGB
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was 527 tha−1 (n = 7). The overall pattern in TMFs matches that observed in lowland
forests, where Neotropical forests have significantly less AGB than Asian and African
lowland tropical forests (Slik et al., 2010; Paoli et al., 2008), possibly due to the preva-
lence of large trees in Asian forests (Slik et al., 2013).

Figure 2a compares AGB in Asian and Neotropical TMF against that reported in5

recent syntheses of AGB in lowland forests (Malhi et al., 2006; Slik et al., 2010; de
Castilho et al., 2006). We found AGB in TMF to be significantly lower than that in low-
land forests both in the Neotropics (Student’s t test, P < 0.01) and Asia (P < 0.01)
(Fig. 2a). To explore the relationship between elevation and AGB we combined the
montane data synthesised here with lowland data from previous analysis (Malhi et al.,10

2006; Slik et al., 2010; de Castilho et al., 2006). Across the combined lowland and
montane Asian and neotropical data (n = 309), elevation has a modest control on AGB
(r2 = 0.15) with a reduction of ∼ 50 t biomass ha−1 for a 1000 m increase in eleva-
tion (AGB (tha−1)= 362−0.057×elevation (m)) (Fig. 2b). Similar relationships were
found when the analysis was restricted to the neotropics (n = 191) (r2 = 0.20, AGB15

(tha−1)= 303−0.038×elevation (m)). This decline in AGB with increasing elevation
is consistent with a recent analysis along six Andean elevational transects (Girardin
et al., 2014a). We found a weaker relationship between AGB and elevation when we re-
stricted our analysis to TMF (n = 82,r2 = 0.001,P > 0.1). Indeed, within TMF we found
no significant difference (Student’s t test, P > 0.1) between carbon storage in upper-20

montane (elevation≥ 2000 m, n = 32, mean= 231 tha−1) compared to lower-montane
(1000 m<elevation< 2000 m, n = 50, mean= 235 tha−1) forests. So whilst TMF have
a lower AGB per unit land surface area compared to lowland forests, montane forests
still store substantial amounts of biomass up to elevations of 3500 m.

We also explored the correlation between AGB and climatological and topograph-25

ical variables. In our combined dataset (TMF and lowland forests where all vari-
ables are available, n = 104) we find that elevation (r2 = 0.15,P < 0.01), slope angle
(r2 = 0.14,P < 0.01, Fig. 2c) and annual mean temperature (r2 = 0.16,P < 0.01) have
modest correlations with AGB, whereas there is little correlation with annual mean
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rainfall (r2 = 0.01,P > 0.1) (Table 2 and Fig. 3). We used multiple linear regression to
further understand the topographical and meteorological controls on AGB. Our multi-
ple regression model explained 24.3 % of the variance in AGB (F2,104 = 16.2,P < 0.01)
with elevation and slope angle being the two significant variables in the model (AGB,
tha−1) = 349−0.032×elevation (m)−2.81×slope angle (◦)). Our analysis is restricted5

to tropical sites, so elevation and temperature and strongly correlated in our dataset
(r2 = 0.97). We note that elevation is not a direct controlling factor with many environ-
mental variables varying along elevational gradients (Girardin et al., 2014a). When we
restricted our analysis to TMF (n = 21, elevations≥ 1000 m) we found weak correla-
tions with annual mean temperature (r2 = 0.05) and annual mean rainfall (r2 = 0.09)10

and a modest correlation with slope angle (r2 = 0.31) (Table 2). Lack of strong cor-
relation of AGB with topographic and climatic variables has been previously reported
(Slik et al., 2010; Leuschner et al., 2007). Other environmental parameters such as nu-
trient availability (Fischer et al., 2013), soil properties, ultra-violet light exposure, light
exposure, cloud immersion or wind speed may play an important role in AGB stor-15

age (Girardin et al., 2014a). Fischer et al. (2013) reported increased nitrogen limitation
but decreased phosphorus limitation with increasing elevation. Studies of net primary
productivity along elevational transects display abrupt changes at specific elevations
that may be associated with factors such as frequency of cloud immersion controlling
light and humidity (Girardin et al., 2010, 2014a). Seasonal variability in NPP at two20

montane forest sites in the Andes is also linked to solar radiation and cloud immer-
sion (Girardin et al., 2014b) potentially implicating these variables as important drivers
of AGB storage. Variability in tree species richness, which in the Andes is greatest at
mid-elevations (1000–1500 ma.s.l), also has potential implications for carbon storage
(Girardin et al., 2014a). Furthermore, it is possible that soil properties which are known25

to affect AGB in lowland forests (de Castilho et al., 2006; Paoli et al., 2008), may also
have a strong affect on AGB in TMF. We were not able to explore the role of such factors
because they were not systematically reported in the studies synthesised here. Future
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studies of AGB in TMFs need to observe and report a larger suite of environmental
parameters.

Most forest inventory plots are established over a fixed land-surface area (Malhi et al.,
2006). For example, the RAINFOR protocol uses land-surface area as the metric for
plot establishment (Phillips et al., 2009). AGB from forest plots is typically reported5

as the biomass stored per unit area of land-surface, whereas remote sensed forest
data are reported on a planimetric basis. Alternatively, AGB can be reported as the
biomass stored per planimetric (horizontal) area (Mascaro et al., 2011). In regions
with gentle slopes there is little difference between land-surface area and planimetric
area so the distinction is often assumed to be unimportant. However, on steep slopes10

the land-surface area can be substantially greater than the planimetric surface area,
with the ratio being a factor 1.41 on a 45◦ slope. This means that biomass storage
on a planimetric area basis can be substantially greater than on a land-surface area
basis. Across our TMF dataset, at sites where slope angle is reported (n = 46), the
angle varied from 0◦ to 40◦ with a mean slope angle of 18◦. This results in AGB storage15

in our TMF plots being, on average, 7 % greater when calculated per unit of plani-
metric area compared to when calculated per unit of the Earth’s surface (Fig. 2b). On
the steepest slopes in our dataset, AGB on a planimetric surface is 31 % greater than
that calculated on a land-surface area. In contrast, in the lowland forests plots there is
a mean slope of 10◦ (n = 86) resulting in AGB being on average only 3 % greater when20

calculated per planimetric surface area as compared to land-surface area. The rela-
tionship between AGB and elevation in our dataset (TMF and lowland data) is weaker
when AGB is calculated on a planimetric surface (r2 = 0.07) compared to when calcu-
lated on a surface area basis (r2 = 0.14). Repeating the multi-linear regression analysis
using AGB calculated on a planimetric basis reduces the sensitivity of AGB to slope25

angle by one third compared to the calculation based on surface area (AGBplanimetric

(tha−1) = 347−0.032×elevation(m)−1.82 slope angle (◦), r2 = 0.18, F2,104 = 11.3). In
lowland neotropical forests, previous work has found that slope angle has little (de
Castilho et al., 2006) or positive (Mascaro et al., 2011) impact on planimetric AGB. Our
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analysis extends these previous works through including forests plots on slopes with
steeper angles and suggests that whilst AGB (planimetric) declines moderately with in-
creasing slope angle, forests on steep slopes (up to angles of 40◦) still store substantial
amounts of biomass.

The regional and global area of forests is reported as the planimetric surface area5

and regional biomass stocks are typically calculated by multiplying the biomass storage
per unit area by the planimetric area of the forested region (Gibbs et al., 2007; Baccini
et al., 2012). If these calculations use biomass storage per unit land surface area, there
is the potential to underestimate regional biomass stocks in forests with steep slopes.

To explore whether slope has implications for the regional biomass stocks of TMF10

we combined a high-resolution (7.5 arc sec; ∼ 200 m pixel at the equator) digital ele-
vation model (DEM) with a global dataset of moist tropical forest cover (Hansen et al.,
2008). With these datasets, TMF cover 0.88 million km2 (planimetric area) accounting
for 8.3 % of total tropical forest area (Fig. 4a). Figure 1 shows the global distribution
of tropical forests as a function of elevation. TMF are distributed across the tropics15

(47 % in neotropics, 40 % Asia, 13 % Africa) and concentrated in Papua New Guinea,
Indonesia, Yunnan Province (China) and throughout the Andes in Central and South
America. For each pixel of the DEM we calculated the angle of slope. The frequency
of different slope angles is shown in Fig. 4b. In the lowland tropical forests the average
slope angle is 11◦ with 50 % of forests having slope angles of less than 9◦. Steeper20

slopes are more frequent in TMF with the mean slope being 32◦ and 75 % of forests
having slope angles of greater than 27◦. We note that the mean slope angle in TMF is
greater than that in our forest inventory dataset, confirming biases in the site selection
of forest plots to gentle slopes (Malhi et al., 2006).

We used information on slope angle to calculate the ratio of land-surface area to25

planimetric area across the forested area of the tropics. Figure 5 displays the spatial
pattern of this ratio, which reaches a factor 2 across TMF of the Andes, Indonesia and
Papua New Guinea. These estimates are likely to be a lower limit due to variability in
elevation at scales below the resolution of the DEM. Most lowland tropical forests have

18901

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/18893/2013/bgd-10-18893-2013-print.pdf
http://www.biogeosciences-discuss.net/10/18893/2013/bgd-10-18893-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 18893–18924, 2013

Tropical montane
forests as global

carbon stores

D. V. Spracklen and
R. Righelato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

ratios less than 1.05 although some lowland forest regions of the Amazon basin (e.g.,
Guiana Shield) have ratios up to 1.25. Figure 4c compares the global distribution of
this ratio in lowland forests and TMF. More than 60 % of lowland forests have a surface
area to planimetric area of less than 1.05. In TMF, ratios up to 2 are common with
the most frequent ratio being around 1.4. We find the global land-surface area of TMF5

is 1.22 million km2, 40 % greater than the planimetric area reported above. The less
steep terrain typical of lowland tropical forests results in a 7 % difference between land-
surface area (10.4 million km2) and planimetric area (9.7 million km2) of these forests.

We have demonstrated that the AGB storage of TMF depends on elevation and
slope angle. Forest inventory plots confirm that TMF store considerable biomass both10

at high elevations (up to 3600 m) and on steep slopes (slope angles up to 40◦). On
such steep slopes the land-surface area is substantially greater than the planimetric
area, meaning that estimation of regional biomass storage in montane forests needs
to account for slope.

Here we have restricted our work to analysis of AGB as few comparable data are15

available for below ground biomass. Previous work has documented the importance of
below ground carbon storage within TMF soils (Raich et al., 2006; Leuschner et al.,
2007) which in some cases may exceed AGB stores (Frangi and Lugo, 1985) and will
further increase the importance of these ecosystems as a global carbon store. De-
forestation and degradation of TMFs are ongoing (Armenteras et al., 2003; Cayuela20

et al., 2006). This, combined with the negative implications of future climate change
on ecosystem functioning in TMFs (Foster, 2001), highlights the urgent need for con-
servation attention. Whilst the majority of focus for the role of carbon finance in forest
conservation has been on lowland forests, our analysis highlights the significance of
TMF as a global carbon store.25
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Table 1. Synthesis from the literature of above-ground biomass (AGB) measurements in tropical
montane forests (elevation≥ 1000 ma.s.l.). AGB values marked with ∗ are reported on a plani-
metric basis. All other values reported on a land-surface basis. We also synthesis literature val-
ues from the pre-montane zone (defined here as elevations between 300 m and 1000 ma.s.l.).

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Lowland forest, ∼ 18.4◦ N, 320 226 Scatena et al. (1993)
Puerto Rico ∼ 66.1◦ W

Montane moist forests, 8.62◦ N, 2250 409 13.5 1500 Grimm and Fassbender
Andes, Venezuela 71.35◦ W (1981)

Lowland moist forest, 9.5◦ N, 70◦ W 150 308 26 1500 Delaney et al. (1997)
Caimital, Venezuela

Lowland moist forest, 9◦ N, 64◦ W 240 396 25.5 2850 Delaney et al. (1997)
Ticoporo, Venezuela

Montane moist forest, 9.5◦ N, 71◦ W 2400 395 15 2433 Delaney et al. (1997)
Rio Grande, Venezuela

Upper montane wet forest, 10.5◦ N, 71◦ W 2820 354 10.5 1968 Delaney et al. (1997)
Mucuy, Venezuela

Montane wet forest, 6.0◦ S, 145.18◦ E 2500 310 13 3980 Edwards and Grubb
Bismarck Range, (1977)
Papua New Guinea

Upper montane wet forest, ∼ 4◦ S, ∼ 79◦ W 2800 149 Hofstede and Aguiree
South-Ecuador (1999)

Montane wet forest, ∼ 3◦ S, ∼ 80◦ W 2300 255 Hofstede and Aguiree
Pacific Slope, (1999)
Ecuador

Oyacachi Alnus forest, 0.22◦ S, 78.05◦ W 3200 241 10.5 2250 Feshe et al. (2002)
Cayambe-Coca
Ecological Reserve,
Napo Province
Ecuador
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Pifo Polyepis forest, 0.23◦ S, 78.25◦ W 3600 366 8 1500 Feshe et al. (2002)
Pichincha province,
Ecuador

Metrosideros stands, 19.75◦ N, 155.25◦ W 700 123 19.5 6000 Raich et al. (1997)
Hawaii 1660 81 13.0 2600

Montane tropical forest, 1.44◦ S, 120.18◦ E 1050 308.7 21.3 1894 5 Culmsee et al. (2010)
Lore Lindu National Park, 1400 304.6 19.5 1975 5
Sulawesi, Indonesia 1800 301.4 17.3 1891 5

2400 322.6 14.1 2131 5

Tropical forest, 12.83◦ N, 69.27◦ W 194 330 26.4 2730 Girardin et al. (2010)
SE Peru 12.84◦ N, 69.28◦ W 210 300 26.4 2730

Montane tropical forest, 12.95◦ N, 71.57◦ W 1000 159 20.7 3087 Girardin et al. (2010)
SE Peru 13.05◦ N, 71.53◦ W 1500 205.6 18.8 2631

13.07◦ N, 71.55◦ W 1855 111.2 18 2472
13.07◦ N, 71.55◦ W 2020 77.2 17.4 1827
13.11◦ N, 71.58◦ W 2720 131.8 13.5 2318
13.11◦ N, 71.6◦ W 3020 94 11.8 1776
13.18◦ N, 71.58◦ E 3025 129.8 12.5 1706

Montane cloud forest, 10.3◦ N, 84.8◦ W 1480 245.1 Nadkarni et al. (2004)a

Monteverdre,
Puntarenas Province,
Costa Rica

Montane cloud forest, 10.4◦ N, 84.0◦ W 100 278 24 4000 0 Lieberman et al. (1996)a, b

CordilleriaCentral, 300 325 23 6000 0
Costa Rica 500 261 22 7000 0

750 346 20.5 8000 0
1000 261 19 7000 0
1250 145 17.5 6000 0
1500 215 16 5000 0
1750 268 14.5 4000 0
2000 271 13 3500 0
2300 349 11 3500 0
2600 362 10.5 3300 0
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Porce region, 6.75◦ N, 75.1◦ W 1200 247.8 21.5 Sierra et al. (2007)
Columbia

Lore Lindu National Park, 1.5◦ S, 120.05◦ E 1050 286 0 Hertel et al. (2009)
Sulawesi, Indonesia

Serra do Mar Mountains, 23.43◦ S, 45.12◦ W 400 208.9∗ 20 Alves et al. (2010)
São Paulo State, 400 253.8∗ 40
Brazil 1000 283.2∗ 40

Puu Kolekole, 21.15◦ N, 156.8◦ W 1210 137 16 2500 Clark et al. (2001)
Hawaii, USA

Laupahoehoe, 19.95◦ N, 155.3◦ W 1170 266 16 2500 Clark et al. (2001)
Hawaii, USA

Kokee, 22.05◦ N, 159.5◦ W 1134 206 16 2500 Clark et al. (2001)
Hawaii, USA

Kohala, 20.05◦ N, 155.9◦ W 1122 145 16 2500 Clark et al. (2001)
Hawaii, USA

Puerto Rico, USA 18.42◦ N, 66◦ W 750 229 19.7 3725 10 Frangi and Lugo (1985)

Luquillo Mountains, ∼ 18.3◦ N, ∼ 65.8◦ W 725 138.5 20 3725 Weaver and Murphy (1990)
Puerto Rico 450 197.9 21 3000

1000 82.9 19 4300

Blue Mountains, 18◦ N, 77◦ W 1615 229 15.8 2230 Tanner (1980)
Jamaica 1600 312 15.5 2230

1590 239 15.5 2230
1570 230 15.3 2230

Manu National Park, Peru 12.35◦ S, 71.52◦ W 3345 126.8 11 2200 Gibbon et al. (2010)

Montane Atlantic forests, 21.62◦ S, 42.08◦ W 900 148.4 1440 Cunha et al. (2009)
Rio de Janeiro State, Brazil 600 167.9 1440

Podocarpus National Park, 4.1◦ S, 78.96◦ W 1050 285.1∗ 18.9 2230 26 Moser et al. (2011);
Ecuador 4.1◦ S, 78.96◦ W 1540 167.5∗ 16.7 2300 10 Leuschner et al. (2007)

4.0◦ S, 79.0◦ W 1890 173∗ 14.9 1950 31
4.0◦ S, 79.0◦ W 2380 99.8∗ 12.3 5000 28
4.1◦ S, 79.2◦ W 3060 112.2∗ 8.6 4500 27
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Buenaventura Reserve, ∼ 4◦ S, ∼ 79◦ W 1000 183 Spracklen et al. (2005)
Ecuador

Tapichalaca Reserve, Ecuador ∼ 4.28◦ S, ∼ 79◦ W 2250 195 Spracklen et al. (2005)

Bannadpare, South India 12.08◦ N, 75.7◦ E 200 227 27 5310 Rai and Proctor (1986)

Agumbe, Karnataka, 13.52◦ N, 75.1◦ E 575 420 22.2 7670 Rai and Proctor (1986)
southern India

Kagneri, Karnataka, 12.82◦ N, 75.6◦ E 500 460 28.6 6100 Rai and Proctor (1986)
southern India

South Bhadra, Karnataka, 13.25◦ N, 75.25◦ E 800 649 21 6520 Rai and Proctor (1986)
southern India

Uganda BUD-17 1.72◦ N, 31.5◦ E 1062 603.9 23.1 1326 Lewis et al. (2013)

Cameroon TNP-08 6.31◦ N, 9.37◦ E 1217 249.2 21.3 2145 Lewis et al. (2013)

Taita Hills, Kenya 3.37◦ S, 38.34◦ E 1826 607 14 Omoro et al. (2013)

Taita Hills, Kenya 3.47◦ S, 38.34◦ E 1535 785 14 Omoro et al. (2013)

Taita Hills, Kenya 3.3◦ S, 38.5◦ E 1390 767 14 Omoro et al. (2013)

Mt. Rinjani, Lombok 8.4◦ S, 116.4◦ E 1000 110 22 Dossa et al. (2013)
1000 160 22
1000 230 22
1200 210 22
1200 240 22
1200 270 22
1400 205 22
1400 245 22
1400 255 22
1600 215 22
1600 140 22
1600 110 22
1800 280 22
1800 210 22
1800 205 22
2000 205 22
2000 130 22

Tanzania VTA-30 6◦ S, 37.72◦ E 1012 283.5 20.9 1108 Lewis et al. (2013)
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Uganda MPG01 0.21◦ N, 32.29◦ E 1219 396.2 21.3 1286 Lewis et al. (2013)

Sierra Norte Oaxaca, 17.83◦ N, 96.17◦ W 1500 377 16.5 5800 Álvarez-Alteaga
Mexico 1950 271 et al. (2013)

2050 263
2400 254
2500 444

Jianfengling 18.72◦ N, 108.88◦ E 893 422.2 19.8 2449 Chen et al. (2010)
National Natural Reserve, 867 479.7 19.8 2449
Hainan, China

Mount Kinabalu, Sabah, 6.08◦ N, 116.55◦ E 650 437 24.5 2300 19 Kitayama and Aiba (2002)
Malaysia 700 548 24 2300 11

1560 294 18.5 2300 17
1860 238 17 2300 24
2590 308 12.5 2300 20
2700 122 12 2300 22
3080 215 10 2300 27

Belalong, Brunei 4.54◦ N, 115.21◦ E 332 543.8 Slik et al. (2010)

Carapa Pila, Sarawak 2.71◦ N, 113.87◦ E 338 604.3 Slik et al. (2010)

Danum Valley, Sabah 4.96◦ S, 117.79◦ E 300 315.5 Slik et al. (2010)

Enggeng, East Kalimantan 3.21◦ N, 115.79◦ E 819 577.9 Slik et al. (2010)

Gunung Kinabalu, Sabah 6.04◦ N, 116.71◦ E 774 513.9 Slik et al. (2010)
6.04◦ N, 116.54◦ E 1958 405.0

Gunung Lumut, 1.46◦ S, 115.96◦ E 413 254.3 Slik et al. (2010)
East Kalimantan 1.46◦ S, 115.96◦ E 466 356.4

Gunung Mulu, Sarawak 4.15◦ N, 114.88◦ E 170 470∗ 24 5700 2 Proctor et al. (1983)
4.14◦ N, 114.88◦ E 300 380∗ 23.5 5700 27
4.04◦ N, 114.86◦ E 225 650∗ 24 5110 17
4.02◦ N, 114.82◦ E 50 250∗ 25 5090 0

Gunung Rara, Sabah 4.54◦ N, 117.04◦ E 614 492.4 Slik et al. (2010)

ITCI concession, East Kalimantan 0.96◦ S, 116.54◦ E 322 312.7 Slik et al. (2010)

Long Barang, East Kalimantan 1.87◦ N, 115.12◦ E 1026 359.1 Slik et al. (2010)

Long Jalan, East Kalimantan 2.87◦ N, 116.12◦ E 581 500.8 Slik et al. (2010)

Luran, East Kalimantan 2.87◦ N, 115.46◦ E 991 340.8 Slik et al. (2010)
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Malinau, East Kalmintan 2.82◦ N, 116.14◦ E 547 443.5 Slik et al. (2010)

Malinau, East Kalmintan 3.12◦ N, 115.54◦ E 378 596.2 Slik et al. (2010)

Puak Highlands, East Kalmintan 2.87◦ N, 115.70◦ E 1349 765.5 Slik et al. (2010)

Rantau Layung, East Kalimantan 1.54◦ S, 115.96◦ E 416 443.5 Slik et al. (2010)

Saan, East Kalimantan 2.46◦ N, 115.46◦ E 855 271.0 Slik et al. (2010)

Sempatung, West Kalimantan 1.04◦ N, 110.04◦ E 501 469.0 Slik et al. (2010)

Semule, East Kalimantan 2.29◦ N, 115.29◦ E 929 412.8 Slik et al. (2010)

Sungai Wain, East Kalimantan 1.12◦ N, 116.79◦ E 737 508.1 Slik et al. (2010)

Tubu, East Kalimantan 3.46◦ N, 116.21◦ E 490 421.1 Slik et al. (2010)

Ulu Temai, Sarawak 2.21◦ N, 113.62◦ E 442 585.4 Slik et al. (2010)

Challabamba, 13◦ N, 71.6◦ W 3100 198 33 Román-Cuesta
Manu National Park, (197) et al. (2011)c

Peru

Laguna-Acjanaco 13◦ N, 71.6◦ W 3400 169 24 Román-Cuesta
Manu National Park, (171) et al. (2011)c

Peru

Pahititi Manu 13◦ N, 71.6◦ W 2920 120 37 Román-Cuesta
National Park (125) et al. (2011)c

Sondor National Park 13◦ N, 71.6◦ W 2850 241 17 Román-Cuesta
(236) et al. (2011)c

Malinau, East Kalimantan 3.2604◦ N, 116.542◦ E 110 679.2 Slik et al. (2010)

Gong Solok, East Kalimantan 3.3741◦ N, 116.541◦ E 66 436.5 Slik et al. (2010)

Kalsel, South Kalimantan 3.709◦ S, 115.207◦ E 51 432 Slik et al. (2010)

Malinau, East Kalimantan 3.0407◦ N, 116.541◦ E 257 515.7 Slik et al. (2010);
Slik et al. (2010)

Kalsel, South Kalimantan 3.5423◦ S, 115.207◦ E 249 321 Slik et al. (2010)

East Kalimantan, Berau 1.9575◦ S, 117.291◦ E 74 375.3 Slik et al. (2010)

Kalsel, South Kalimantan 3.459◦ S, 115.124◦ E 114 271.8 Slik et al. (2010)
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

East Kalimantan, Berau 1.8741◦ N, 117.207◦ E 105 386.3 Slik et al. (2010)

East Kalimantan, Lempake 0.4591◦ S, 117.124◦ E 29 448.7 Slik et al. (2010)

ITCI concession, 0.9591◦ S, 116.624◦ E 141 537.8 Slik et al. (2010)
East Kalimantan

East Kalimantan, Berau 2.0408◦ S, 117.124◦ E 59 510.2 Slik et al. (2010)

Sarawak, Gunung Mulu 4.0407◦ N, 114.791◦ E 70 312.7 Proctor et al. (1983);
Slik et al. (2010)

Ladan, Brunei 4.624◦ N, 114.707◦ E 28 546.9 Slik et al. (2010)

Sawat, Brunei 4.5407◦ N, 114.541◦ E 27 374.2 Slik et al. (2010)

Andalau, Brunei 4.624◦ N, 114.541◦ E 61 437.3 Slik et al. (2010)

East Kalimantan, Samboja 0.9591◦ S, 116.957◦ E 62 340.9 Slik et al. (2010)

Ulu Dapoi, Sarawak 3.1241◦ N, 114.457◦ E 213 450.3 Slik et al. (2010)

East Kalimantan, Bukit Bangkirai 1.03◦ S, 116.868◦ E 72 297.2 Slik et al. (2010)

Langap, East Kalimantan 3.1241◦ N, 116.457◦ E 118 504.7 Slik et al. (2010)

Badas, Brunei 4.5407◦ N, 114.374◦ E 38 405.9 Slik et al. (2010)

East Kalimantan, Sungai Wain 1.1258◦ E 116.791◦ E 35 407 Slik et al. (2010)

Malinau, East Kalimantan 3.0407◦ N, 116.457◦ E 138 456.4 Slik et al. (2010)

Lahei, Central Kalimantan 1.8757◦ S, 114.207◦ E 39 247.1 Slik et al. (2010)

ITCI concession, East Kalimantan 0.7924◦ S, 116.374◦ E 109 353.2 Slik et al. (2010)

Bok Tisam, Sarawak 3.6241◦ N, 114.124◦ E 77 618.3 Slik et al. (2010)

Malinau, East Kalimantan 3.0407◦ N, 116.374◦ E 207 598.4 Slik et al. (2010)

Lambir, Sarawak 4.124◦ N, 114.041◦ E 23 436.6 Slik et al. (2010)

Lio Mutai, East Kalimantan 2.9574◦ N, 116.374◦ E 234 383.2 Slik et al. (2010)

Ulu Bakong, Sarawak 4.2907◦ N, 114.041◦ E 41 584 Slik at el. (2010)

Gunung Meratus, East Kalimantan 0.8758◦ S, 116.291◦ E 103 550.1 Slik et al. (2010)

Lambir, Sarawak 4.2074◦ N, 114.041◦ E 111 731 Slik et al. (2010)

Kalsel, South Kalimantan 3.709◦ S, 115.541◦ E 14 369.9 Slik et al. (2010)
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Barito Ulu, Central Kalimantan 0.1258◦ S, 114.041◦ E 287 328.2 Slik et al. (2010)

Kalsel, South Kalimantan 3.3757◦ S, 115.541◦ E 252 608 Slik et al. (2010)

Kalsel, South Kalimantan 3.6257◦ S, 115.374◦ E 45 395.3 Slik et al. (2010)

Kalsel, South Kalimantan 3.2923◦ S, 115.374◦ E 268 580.8 Slik et al. (2010)

Gunung Niut, West Kalimantan 0.7075◦ N, 109.874◦ E 118 489.5 Slik et al. (2010)

Kalsel, South Kalimantan 3.2923◦ S, 115.24◦ E 55 413.8 Slik et al. (2010)

Sunujuh, West Kalimantan 1.4575◦ N, 109.458◦ E 27 461.2 Slik et al. (2010)

Nyabau, Sarawak 3.2074◦ N, 113.124◦ E 44 778.5 Slik et al. (2010)

Gunung Mersing, Sarawak 2.5408◦ N, 113.124◦ E 231 541.1 Slik et al. (2010)

Bukit Raya, Sarawak 1.9575◦ N, 112.957◦ E 141 584.7 Slik et al. (2010)

Segan, Sarawak 2.9574◦ N, 112.957◦ E 160 556.7 Slik et al. (2010)

Bukit Iju, Sarawak 2.7074◦ N, 112.707◦ E 111 554.2 Slik et al. (2010)

Sangai, Central Kalimantan 1.4591◦ S, 112.541◦ E 97 386.2 Slik et al. (2010)

Sangai, Central Kalimantan 1.294◦ S, 112.374◦ E 248 495.4 Slik et al. (2010)

Bako, Sarawak 1.7075◦ N, 110.458◦ E 58 352.3 Slik et al. (2010)

Gunung Santubong, Sarawak 1.6241◦ N, 110.374◦ E 9 389.4 Slik et al. (2010)

Gunung Palung, West Kalimantan 1.2924◦ S, 110.208◦ E 280 563.9 Slik et al. (2010)

Serimbu, West Kalimantan 0.7075◦ N, 110.124◦ E 129 526 Slik et al. (2010)

Kembera, West Kalimantan 0.0425◦ S, 110.041◦ E 29 438.1 Slik et al. (2010)

Sabah, Gunung Silam 4.9573◦ S, 118.124◦ E 245 232.5 Slik et al. (2010)

Sabah, Sepilok 5.874◦ S, 118.041◦ E 17 475.6 Slik et al. (2010)
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Table 1. Continued.

Location Lat., Lon. Elevation AGB MAT Rainfall Slope Reference
(m) (tha−1) (◦C) (mmyr−1) (◦)

Sabah, Sepilok 5.874◦ S, 117.957◦ E 32 335.1 Slik et al. (2010)

Danum Valley, East Sabah, Malaysia 5.31◦ N, 117.45◦ E 250 266.7 20 Saner et al. (2012)

a Biomass converted to carbon using a conversion factor of 0.5.
b Stand volume converted to biomass assuming a wood specific density of 0.56 gcm−3 which is the mean reported by Culmsee et al. (2010).
c Individual site values are not reported. We calculate AGB values for each site through weighting the average value for all sites with basal area×height for each site.
Weighting using the natural logarithm of (basal area×height) changes the AGB values only slightly (reported in parentheses).
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Table 2. Correlation (R2) of above ground biomass (AGB) with topographical and meteorologi-
cal variables. Correlations are shown separately for all sites (bold), neotropics (italics) and Asia
(normal text) for the subset of sites where data on elevation, slope, temperature and rainfall are
all available. Asterisks indicate significant (P < 0.01) correlations.

AGB E S T R
TMFa TMF+ lowlandb

AGB 1 1 – – – –
Elevation (E) 0.03 0.15∗ 1 – – –

– 0.23∗

0.42∗

Slope (S) 0.31 0.14∗ 0.03 1 – –
– 0.27∗

0.04
Annual mean 0.05 0.16∗ 0.97 0.02 1 –
temperature (T ) – 0.23∗

0.44
Annual mean 0.09 0.01 0.05 0.04 0.11 1
rainfall (R) 0.08

0.15

aTMF only. All sites: n = 21.
bTMF+ lowland. All sites: n = 104, Neotropics: n = 89; Asia: n = 15.
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Fig. 1. Location of tropical montane forest inventory plots (solid squares) where data of above
ground biomass has been synthesised for this analysis. Background colour shows elevation of
tropical forests (coloured where vegetation continuous field from MODIS is> 25 %).
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Fig. 2. Above ground biomass (AGB) storage observed in forest inventory plots. (a) Comparison
of AGB (on a land-surface area basis) in tropical montane forests (elevation≥ 1000 m) with that
in lowland tropical forests. Significant differences between lowland and montane (Student’s
t test, P < 0.01) indicated by a solid circle above panel. (b) Relationship between AGB and
elevation (neotropics: red, Asia: blue). Open symbols show sites where no information on slope
is available. (c) Relationship between angle of slope and AGB. In (b) and (c), symbols show
AGB per land-surface area (linear relationship for the neotropics is shown with a dotted line),
top of bars show AGB per planimetric area.
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Fig. 3. Relationship between AGB and annual mean (a) temperature, (b) rainfall (neotropics:
red, Asia: blue). Solid points are for TMF (elevation≥ 1000 m), open points are for lowland
forests.
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Fig. 4. Distribution of global tropical forests as a function of (a) elevation, (b) slope angle. (c)
Ratio of surface area to planimetric area (lowland (elevation< 1000 m) tropical forest: black,
tropical montane forest (elevation≥ 1000 m): red).
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Fig. 5. Impact of slope on the area of tropical forests. Colour shows the ratio of land-surface
area to planimetric area in (a) neotropics, (b) Asia.
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