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ABSTRACT

Reliable soil organic carbon (SOC) stock measure-
ments of all major ecosystems are essential for
predicting the influence of global warming on
global soil carbon pools, but hardly any detailed soil
survey data are available for tropical montane
cloud forests (TMCF) and adjacent high elevation
grasslands above (puna). TMCF are among the
most threatened of ecosystems under current pre-
dicted global warming scenarios. We conducted an
intensive soil sampling campaign extending 40 km
along the tree line in the Peruvian Andes between
2994 and 3860 m asl to quantify SOC stocks of
TMCF, puna grassland, and shrubland sites in the
transition zone between the two habitats. SOC
stocks from the soil surface down to the bedrock
averaged (£standard error SE) 11.8 (£1.5, N = 24)
kg C/m? in TMCF, 14.7 (1.4, N = 9) kg C/m” in
the shrublands and 11.9 (£0.8, N = 35) kg C/m? in

the grasslands and were not significantly different
(P > 0.05 for all comparisons). However, soil pro-
file analysis revealed distinct differences, with
TMCEF profiles showing a uniform SOC distribution
with depth, shrublands a linear decrease, and puna
sites an exponential decrease in SOC densities with
soil depth. Organic soil layer thickness reached a
maximum (~70 c¢m) at the upper limit of the TMCF
and declined with increasing altitude toward puna
sites. Within TMCEF, no significant increase in SOC
stocks with increasing altitude was observed,
probably because of the large variations among
SOC stocks at different sites, which in turn were
correlated with spatial variation in soil depth.

Key words: soil carbon stocks; tropical montane
cloud forest; puna; tree line.

Received 10 July 2009; accepted 20 October 2009;

published online 14 November 2009

Author Contributions: PM, MRS, AG, KJF, MBB, MZ designed the
study; MRS, AF, AG, DHU, MBB, KJF, KCG, GCD, WRF, BPG, WTJ,
KMK, ATM, NMQR, BTS, FZ, MZ performed the research; MZ, PM, MRS,
AF, AG, YM, DHU analyzed the data; and MZ, PM wrote the paper.

*Corresponding author; e-mail: michael.zimmermann@jcu.edu.au

62

INTRODUCTION

Soils are recognized as large stores of carbon (C),
and play a key role in the global C cycle (Houghton
2003; Janzen 2004). The size of the SOC stock
is determined by the input of plant-derived C
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entering the soil matrix, the potential to sequester
C through physical and chemical stabilization pro-
cesses, and the release of C through decomposition
and leaching (Trumbore and others 2006). The
most important environmental factors influencing
the SOC stock are temperature and moisture,
which also affect biomass production and respira-
tion (Shaver and others 2000; Raich and others
2006). Because of this, SOC stocks in ecosystems
within different climatic regions react differently to
changes in climate (Walther and others 2002;
Norby and Luo 2004).

Estimates of the nature and size of current SOC
stocks are needed to parameterize models used to
estimate net C changes in different biomes (Post
and others 2001). However, extensive data sets of
SOC stocks are not available for some ecosystems,
and this is a source of uncertainty in model pre-
dictions of future global and regional SOC stocks.
One such understudied ecosystem lacking detailed
SOC stock estimates is Neotropical TMCF. These
forests are typically found between 1000 and
3500 m above sea level (asl) with mean annual
temperatures similar to regions in temperate zones
but with very weak (or no) seasonality, and they
tend to receive much larger amounts of precipita-
tion in the form of rain and fog (Arteaga and others
2008). Here we focus on the Andean TMCFs, in
which biodiversity and endemism is among the
highest in the world and which are also among the
most threatened of all ecosystems under predicted
warming scenarios (Foster 2001).

At higher elevations in the tropical Andes
(3000 m asl and above, depending on anthropo-
genic activity) there is a transition from TMCF first
to open woody vegetation dominated by shrubs
which we refer to here as ‘shrubland’, and then to
grassland (‘puna’ or ‘paramo’). With a predicted
warming of 4°C for the tropical land surface over
the twenty-first century (Cramer and others 2004),
TMCF may migrate upwards, occupying land for-
merly dominated by shrubs and grasses (Bush and
others 2004; Colwell and others 2008). Thus, to
make a first-order estimate of the effects of a the-
oretical altitudinal shift in vegetation on SOC
stocks, detailed SOC quantifications are needed.

Soil C-stocks were shown to change with altitude
(Townsend and others 1995) and vegetation type
(Sombroek and others 1993). Furthermore, climate
and vegetation also influence soil C-distributions
with depth (Jobbagy and Jackson 2000), which
lead to the assumption that soil C-stocks might
change significantly across altitudinal vegetation
transects. In the present study, we collected soil
samples from TMCF, shrubland, and grassland sites

above the tree line in the Peruvian Andes, as these
vegetation types around the tree line may experi-
ence the most marked alterations under global
warming scenarios. The questions we addressed
were: (1) What is the size of SOC stocks within
these three vegetation types; and 2) Is the SOC
stock distributed differently within the soil profiles
in each of these zones. This information is needed
to estimate how SOC stock might change if TMCF
expanded to shrubland and grassland sites because
of predicted warming and, or, land use. The aim of
the present study was to provide SOC stock mea-
surements across the tree line in Andean TMCF for
prospective SOC simulations.

MATERIALS AND METHODS
Sampling Sites and Soil Description

Soil samples were collected along the western
border of the Manu National Park in Peru at alti-
tudes between 2994 and 3860 m asl (~13°00
S/71°40° W’). The study site comprised an area
40 km along the watershed separating the dry hilly
Andean highlands and the wet and steep eastern
flank of the Andes (Figure 1), in which the average

13°5's o

13°10'S {4,

71°45'W 71°40'W 71°35'W

Figure 1. Sampling sites in the Peruvian Andes. Triangles
are forest sites, squares are shrubland sites, and circles are
grassland sites. The black line marks the Manu National
Park border. Dark colors display forested areas, with the
lowland tropical forests in the direction of the NE corner
of the main map. The inset map of South America shows
the location of the Manu National Park in Peru.
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tree line was at about 3450 m asl. The mean annual
temperature at this altitude is about 11°C and the
annual rainfall 2500 mm. Diurnal variations in
temperature are more pronounced than seasonal
differences.

In general, the TMCF soils in the study region
were characterized by an organic forest floor layer
(Oh) of about 20 c¢m, but which could be as thick as
70 cm. This layer consisted mainly of a dense fine-
root mesh and partly decomposed plant litter. The
Oh layers typically overlaid organic-rich humic Ah
layers of about 10 cm and purely mineral B layers
of up to 70 cm thickness. Various forest sites con-
tained mixed mineral layers with high stone con-
tents as result of ancient landslides, which are
common in this steep terrain. The full soil depth in
the TMCF varied between 20 and 120 cm. Shrub-
land soils were slightly shallower and had only
a thin Oh layer of about 2-5 cm, followed by a
10-20 c¢m thick A(h) layer. In this transition zone,
soils were normally between 20 and 50 cm deep.
Grassland soils in the puna had no Oh layers at all
and consisted mainly of dark, organic-rich A layers
of about 20 cm thickness and stony B/C layers.
These soils were normally about 30 cm deep.
Although very patchy, some peat-bog soils in the
puna were deeper than 100 cm.

Soil Sampling Methods and Analysis

In total, 596 soil samples were taken along eleva-
tion transects traversing the TMCF, the shrubland
vegetation in the transition zone and the grasslands
in the puna above, and from various predefined
sampling points. Coordinates of transect locations
and sampling points were generated randomly but
stratified to adequately represent regional variation
in micro-meteorology and topography. Samples
were collected from a total of 68 sites assigned to
the three vegetation types (forest, shrubland, and
grassland; Table 1). At each site, soil cores from
five soil profiles were taken, with a central soil
core being surrounded by four additional cores,

positioned randomly 1-5 m away, in orthogonal
directions. The slope at each site was measured
with a clinometer and the coordinates and altitudes
recorded with a GPS. All sites were inspected
visually for any evidence of cattle (dung, grazing)
and recent burns, whether natural or human-in-
duced.

Soil cores from all profiles were taken between
July and August 2008 using metal tubes of 50 mm
diameter and 10 or 20 cm length. At all sites, the
soil surfaces were cleared of leaf litter and plants,
and the top soils collected with the 10 cm tubes,
and all deeper soil layers down to the bedrock with
the 20 cm tubes. Total soil depths were measured
with an iron rod inserted to the bedrock, and the
sampling depth adjusted accordingly. Additionally,
the soil profiles were inspected visually for charcoal
residues, and the thicknesses of the organic, humic
and mineral layers were measured.

All soil samples were oven-dried at 60°C to
constant mass, and the dry mass quantified. The
samples were then crushed and sieved to 2 mm
to remove all stones, and measured again. A sub-
sample of every core was ground and C and
nitrogen (N) concentrations determined after dry
combustion with a Carlo Erba Elemental Analyzer
(Milano, Italy) at the University of Edinburgh, UK.
All soil samples were carbonate free.

Bulk soil densities (soil particles < 2 mm) were
quantified using the stone-free dry weights and the
sampling tube volumes corrected for the stone
volumes. The density of a composite stone sample
was quantified by displacement in a water bath and
averaged 2.62 g/cm’. Soil C and N stocks were then
calculated according to the soil densities for each 10
or 20 cm soil layer, and SOC stocks of the single
profiles summarized to average site values. Carbon
densities as g C/cm”® were calculated to compare soil
layers of different thicknesses. Missing analytical
values were interpolated according to correlations
between bulk soil density and C concentration,
distinguished among the three biome types as
described in the ““Results’”” section.

Table 1. Number of Samples and Sampling Site Descriptions

Dominant  Sites Profiles Samples Lowest Highest Mean Typical vegetation

vegetation altitude  altitude  altitude

Forest 24 89 229 2994 3625 3370 Clusiaceae, Melastomataceae,
Cunoniaceae, Symplocaceae

Shrubland 9 31 80 3283 3620 3454 Escalloniaceae, Myrsinaceae, Ericaceae,
Loranthaceae, Clethraceae

Grassland 35 133 287 3348 3860 3547 Asteraceae, Poaceae, Pterydophyta

All 68 253 596 2994 3860 3470
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Statistical Analysis

The significance of the relationships among soil
properties was tested using the Pearson’s product
moment correlation test (R) and regressions cal-
culated with the function resulting in the highest
coefficient of determination (r%). A t-test was used
to test for between-vegetation type differences if
the data were normally distributed and had similar
variances; otherwise a Mann—-Whitney rank sum
test was run (using a significance level of P = 0.05).
More than two groups were compared with a
one-way ANOVA if they were normally distributed
and had similar variances; otherwise tests were
performed with a Kruskal-Wallis one-way ANOVA
of ranks. Mean values for sites or properties are
always given with +1 SE.

REsuLTs AND DISCUSSIONS
Soil Profile Data

Soil organic carbon densities (the amount of C per
cm’ soil) in forest soil profiles (N = 89) varied little
with depth, but this pattern masked an exponential
reduction in C concentrations and an increase in
bulk density with depth (Figure 2). These patterns
were caused by the typical organic forest floor
layers in this biome containing large amounts of
fine roots and plant debris. Surprisingly, the C:N
ratio (an indicator of the degree of decomposition
(Schrumpf and others 2001)) did not change sig-
nificantly with depth in forest soil profiles. Shrub-
land soil profiles (N = 31) showed a linear decrease
in SOC density with depth, with the SOC densities
in the top 30 cm being significantly higher than in
deeper layers. The C concentration decreased
exponentially with soil depth, but the bulk soil
densities showed no significant trend. The C:N ratio
decreased exponentially from 16.2 in the top 10 cm
to 11.8 at 50 cm to 70 cm, but these differences
were not significant at P = 0.05. The grassland soil
profiles (N = 133) showed a distinct exponential
decrease in SOC density with depth, mainly caused
by decreasing C concentration along the profiles
coupled with scarcely significant differences in bulk
soil densities.

Comparisons between the three different biomes
showed that differences were more pronounced in
the top 30 cm than in deeper soil layers. In gen-
eral, forest soil profiles had higher C concentra-
tions and lower bulk soil densities in the top
30 cm than the other two vegetation types.
Grassland soil profiles showed the strongest
decrease in SOC density with depth and the lowest

C:N ratios, and the properties of most shrubland
vegetation profiles were between the values of the
two other systems.

The changes in SOC densities with depth for the
shrubland and grassland soil profiles were very
similar to global grassland and shrubland sites as
presented in Jobbagy and Jackson (2000), who
used 3 datasets with more than 2700 profiles to
calculate SOC distributions with depth. However,
none of the presented soil profiles in that study
featured such a uniform SOC density distribution
along the entire profile as measured here for the
TMCEF sites.

Correlations Between Soil Densities
and C Concentrations

Correlations between C concentrations and bulk
soil densities have been reported elsewhere
(Heuscher and others 2005; Leifeld and others
2005) and C concentrations in combination with
other soil parameters have been used to estimate
bulk soil densities (Calhoun and others 2001).
Here, we separated our dataset into the three veg-
etation types to calculate regression functions
between C concentration and bulk soil density
(Figure 3). For all three vegetation types, expo-
nential functions returned the largest coefficients of
determination between C concentration and bulk
soil density (r* between 0.48 and 0.57). These
functions were then used to calculate missing val-
ues for any samples that were lost during sample
processing (N = 47).

The coefficients of determination observed here
are in the same range as in Heuscher and others
(2005), who calculated regression functions taking
into account C concentration, soil moisture, particle
size distribution, and soil depth for 47,000 soil
samples from the USA (r* = 0.45). In other studies,
sample sets were separated by soil depth to calculate
regression functions between C and soil density
(Bernoux and others 1998; Leifeld and others 2005),
but as C concentration was correlated with soil
depth in our data, we did not separate our dataset
further to keep the sample number (N) large.

Differences Among Forest, Shrub
Vegetation, and Grassland Sites

Summarized SOC stocks, C concentrations, bulk
soil densities, C:N ratios, soil depths, and slopes for
all sites distinguished among the three vegetation
types are given as box plots in Figure 4 with the 10,
25, 75, 90 percentiles, medians and outliers (out-
side + 95% confidence interval).
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Figure 2. Soil property means with standard errors along profile depths for forest, shrubland, and grassland sites. Numbers
represent mean values, lower case letters indicate significant differences with soil depth within each profile, and capital
letters indicate significant differences of the same soil layers across the three different vegetation types (P < 0.05). The
equations are the best fit regressions between soil properties and soil depth as calculated with the mean values.

Total SOC stocks were not significantly different
among the three biomes. On average, shrubland
sites had SOC stocks of 14.7 (#+1.4) kg C/m’
(1 kg C/m? = 10 Mg C/ha), grassland sites 11.9
(0.8) kg C/m? and forest sites 11.8 (£1.5) kg C/m?,
whereas the forest sites revealed the widest

variation (Table 2). One forest site had a much
higher SOC stock of 37.0 kg/m?. This particular site
was characterized by a very thick Oh layer of about
50 cm, a total soil depth of more than 1 m, and an
accumulation of coarse wood debris at the soil
surface. The site with the largest SOC stock in the
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Figure 3. Correlations and regression functions between
bulk soil densities and C concentrations calculated for all
soil samples, separated into forest (filled circle), shrubland
(open circle), and grassland (inverted filled triangle) sites.

grasslands (24.0 kg C/m?) was within a peat-bog
close to a small lake. Although sites like this might
store large amounts of SOC, no other sampled puna
site was within a peat-bog despite the intensity
of the sampling protocol. Carbon concentrations

decreased in order from forest to shrubland to
grassland sites, and bulk soil densities showed the
reverse trend (Figure 2). Forest sites had signifi-
cantly higher C concentrations than grassland sites,
whereas the C concentrations of shrubland sites
were not significantly different from the two other
biomes. Comparing soil bulk density for each veg-
etation type, shrubland and grassland soils had
significantly larger bulk density values than the
forest soils, but were not significantly different
from each other.

Although total SOC stocks were not significantly
different among vegetation types, the degree
of decomposition among the three vegetation
types—as reflected by the C:N ratio—showed that
the organic matter in the grassland sites was more
strongly altered (C:N =13.9) from litter input
(C:N = 25.3; Zimmermann and others 2009a)
compared to forest and shrubland sites with C:N
ratios of 17.2 and 15.9, respectively. Schawe and
others (2007) reported C:N ratios between 20 and
28 for the top 1 m of Bolivian forest sites above
2700 m asl, and Schrumpf and others (2001)
measured C:N ratios greater than 30 for high
Andean root soil layers in Ecuador (>2800 m asl),
concluding that decomposition rates at high ele-
vations might not only be suppressed by low tem-
peratures but also by low N supply. However, as the
C:N ratios measured here are much smaller and
the forests had on average smaller N stocks
than the higher elevation shrub and grasslands
(Figure 4), such processes appear to be much less
significant in our study region.

Sombroek and others (1993) compared global
SOC stocks of different ecosystems, and estimated
SOC stocks of 14.5 kg C/m? for tropical forests and
12.4 kg C/m? for grasslands, which are in the range
of the SOC stocks reported here. In contrast, Job-
bagy and Jackson (2000) reported higher SOC
stocks for lowland tropical forest sites (18.6 kg C/m?)
for the top 1 m, which could be caused by the
different depth of soil sampling in their dataset and
the general differences between lowland and
montane rainforests, as tropical forests appear to
allocate relatively more C belowground with
increasing altitude (Soethe and others 2007).
Schrumpf and others (2001) quantified SOC stocks
of upper montane rain forests in Ecuador from
1850 to 2650 m asl and measured on average
21.5 kg C/m?. Schawe and others (2007) even
reported SOC stocks of 36.2 kg C/m?, as averaged
for 7 upper montane cloud forest sites between
2700 and 3300 m asl in Bolivia, which is 3 times as
high as observed here. Jobbagy and Jackson (2000)
also reviewed global SOC stocks in the top 1 m of
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Figure 4. Box plots of
soil properties over total
soil depth of all sites
showing 10, 25, 75, and
90 percentiles, medians
and outliers for the
different vegetation types.
Capital letters indicate
significant differences
among groups (Kruskal—
Wallis one-way ANOVA
of ranks, P < 0.05).

Comparison of Means, Standard Errors, and Variations Within Profiles of the Sampling Sites and

Property Biome Mean SE CV among CV within 95% Confidence interval
sites sites within sites

SOC stock (kg/m?) Forest 11.83 1.49 0.33 0.41 0.30-0.51
Shrubland 14.7 1.44 0.34 0.35 0.25-0.43
Puna 11.91 0.79 0.36 0.37 0.30-0.42
C concentration (%) Forest 24.47 2.06 0.37 0.41 0.24-0.51
Shrubland 14.28 2.68 0.43 0.36 0.30-0.57
Puna 10.19 0.43 0.38 0.37 0.32-0.44
Bulk soil Forest 0.186 0.023 0.51 0.52 0.40-0.61
density (g/cm’) Shrubland 0.427 0.033 0.33 0.32 0.15-0.52
Puna 0.480 0.021 0.24 0.25 0.19-0.29
N stock (kg/m?) Forest 0.699 0.085 0.41 0.45 0.30-0.53
Shrubland 0.955 0.096 0.35 0.35 0.25-0.45
Puna 0.879 0.057 0.42 0.41 0.29-0.54
C/N Forest 17.2 0.7 0.13 0.13 0.10-0.17
Shrubland 15.9 0.5 0.08 0.08 0.05-0.10
Puna 13.9 0.2 0.08 0.08 0.05-0.11
Soil depth (cm) Forest 43.5 4.3 0.30 0.39 0.20-0.40
Shrubland 36.0 3.5 0.34 0.37 0.20-0.48
Puna 32.5 2.8 0.41 0.43 0.34-0.48

Ifthe CV among the sites was outside of the 95% confidence interval of the CV for the individual profile sites, then the variability among sites was considered significantly larger.

grassland sites (13.2 kg C/m?), which were similar
to grasslands in the puna as measured here. But as
the puna soils here were on average only 32.5 cm
deep, puna SOC densities were about threefold
higher than the global average for grasslands. The

puna SOC stocks were also more than twice as large
as SOC stocks in pasture sites in montane Ecuador
(5.7 kg C/m?; Tian and others (1995)). In contrast,
Schrumpf and others (2001) measured SOC stocks
of 11.1 kg C/m? in Ecuadorian grassland sites from
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2845 to 3050 m asl, which are more similar to our
observations.

The large variance among SOC stocks suggest
that regional variations are substantial in Andean
TMCF, and in the absence of additional local spatial
information, single point measurements will have
limited use for large-scale interpolations of total
SOC stocks. Importantly, the measurements pre-
sented here sample steep areas of the landscape
which are often missed in other sampling protocols
and are probably more reliable estimates for mean
values in TMCF and puna grassland than the
studies reported above, simply because we sampled
a much larger area.

Variability of Soil Properties

To test whether the variability of soil profiles
within single sampling sites was different from the
variability among all sampled sites in one vegeta-
tion type, we analyzed the coefficients of variation
(CV) within and among sites. If the CV among the
sites was outside of the 95% confidence interval of
the average CV within the single sites, then the
variability among the sites was considered signifi-
cantly different from the variability of the soil
profiles within the sites. In all cases, CV values
among and within sites were not significantly dif-
ferent, but forest soils tended to have a larger CV
within the profiles of the single sites than among all
averaged sites (Table 2).

The larger variation within forest profiles might
be explained by micro-climatic and site-specific
characteristics such as slope and exposure (Schulp
and others 2008). We do not have climatic records
for each sampling site, but we measured the topo-
graphical site characteristics soil depth and slope.

Table 3.

Soil depth defines the maximal volume of SOC, and
the slope affects mainly the water supply for
vegetation and consequently biomass production.
The average soil depths for the three vegetation
types, forest, shrubland, and grassland were 43.5,
36, and 32.5 cm. Forest sites were steeper (average
relative slope 58 £ 7%) than the shrubland
(42 + 6%) or grassland (33 £ 4%) sites, which is
typical of the entire study region with its steep
TMCF thinning out in the flatter puna. The SOC
and N stocks of all three vegetation types were
positively correlated with soil depth (r* from 0.33
to 0.67, P < 0.05), but showed no significant
trends with slope (P values from 0.38 to 0.93)
(Table 3); soil depths and slopes at the sampling
sites were not correlated (r* = 0.02, P = 0.28). The
correlations between soil depth and SOC stock
showed that soil depth was probably responsible for
the large variability in SOC stocks, and further soil
sampling campaigns should take into account the
greater depth of soils in forests to adapt the number
of sampling sites accordingly.

Altitudinal Changes in Soil Properties

Altitudinal variations integrate various environ-
mental parameters like temperature, moisture,
atmospheric pressure, radiation, and soil weath-
ering (Korner 2007), all of which influence the
input and accumulation of C in soils. Several
studies have demonstrated an increase in SOC
stocks across altitudinal ranges of about 1000 m in
tropical forests (Townsend and others 1995; Schr-
umpf and others 2001; Grdfe and others 2008).
Larger SOC stocks at higher elevations were gen-
erally attributed to lower temperatures decelerating
soil organic matter decomposition more than

Correlations Between SOC Stocks and Site Characteristics Soil Depths and Slopes

Soil depth (cm)

Slope (%)

Regression SEE e

SOC stock (kg/m?)

Forest SOC = 1.39 + 0.24*depth  5.34 0.49
Scrubland SOC = 4.44 + 0.28*depth  3.34 0.47
Grassland SOC = 5.15 + 0.21*depth  3.21 0.55
All SOC = 4.55 + 0.21*depth  4.28 0.45
N stock (kg/m?)
Forest N =0.208 + 0.011*depth  0.347 0.33
Scrubland N =0.212 + 0.021*depth  0.203 0.56
Grassland N =0.336 + 0.017*depth  0.198 0.67
All N =0.391 + 0.012*depth  0.303 0.34

SEE standard errors of estimates.

Regression SEE ” P
<0.01 SOC =8.78 + 0.062*slope 9.21 0.06 0.42
0.04 SOC =13.01 + 0.041*slope 4.55 0.03 0.68
<0.01 SOC =12.00 — 0.003*slope 4.75 <0.01 0.93
<0.01 SOC =11.46 + 0.025*slope  5.97 0.01 0.38
<0.01 N =0.481 + 0.004*slope 0.512 0.07 0.38
0.02 N =0.865 + 0.002*slope 0.305 0.02 0.74
<0.01 N =0.860 + 0.001*slope 0.344 <0.01 0.81
<0.01 N =0.82+ 0.001*slope 0.386 <0.01 0.69
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Figure 5. Average site properties with standard errors in relation to altitude. The regression functions are also supplied,
and, where significant (P < 0.05%), the regression lines (long dashed lines for forests, mid-dashed lines for shrub, dotted lines
for grasslands, and solid lines for all data points).

significant change in altitude (Figure 5). This is
consistent with Schawe and others (2007) who
also did not detect any trend in SOC stocks with

biomass production (Raich and others 2006;
Zimmermann and others 2009b). In contrast, the
forest SOC stocks reported here did not show any
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elevation in TMCF in Bolivia between 2700 and
3300 m asl. The reason for this observation might
be that the large variation in SOC stocks among
different micro-sites discussed above was larger
than any trend in SOC stocks with altitude.
Furthermore, the TMCF sampled here traversed
only 650 m in elevation, probably not enough to
reveal any trend with altitude.

The only vegetation type showing a significant
change in SOC stocks with elevation was the
grassland. This trend could be explained by the
decrease in soil depth with elevation, limiting plant
growth, rooting depth, and the potential to accu-
mulate SOC. Although soil depth in the forest also
correlated with altitude, SOC stocks were not cor-
related with elevation and thus soil depth is prob-
ably a correlating but not limiting factor in TMCF.
Surprisingly, soil depth in the shrubland vegetation
showed a significant inverse trend with altitude.
Carbon concentration, bulk soil density, and C:N
ratios were not correlated with altitude for forest or
grassland sites. The only significant increase with
altitude in bulk soil density was found in the
shrubland. Overall C concentration, bulk soil den-
sity, and C:N ratios were significantly correlated
with altitude, but these shifts with altitude were
because of changes in the dominant vegetation
rather than because of changes in elevation per se,
as the average values for each vegetation type were
significantly different (Figure 4).

As the reductions in soil depth with altitude were
similar for forests and grasslands, there was no
strong evidence for a strong impact of the presence
of vegetation on the development of soil depth. By
contrast, however, the vegetation played a major
role in affecting the character of the soil profile
below it, because the loss of woody vegetation
coincided with the disappearance of the Oh layer.
With the exception of peat bogs, Oh layers were
only found in forest and shrub-dominated sites.
The thickness of the Oh layer peaked with about
42 cm at about 3300 m asl, with C concentrations
of 35-50% and bulk soil densities of 0.015-0.03 g/cm’
(Figure 6). A very similar increase in Oh layer
thickness for TMCF was also observed in southern
Ecuador (Wilcke and others 2008). However, Sch-
awe and others (2007) showed that organic layer
thickness in a tropical forest in Bolivia did not re-
veal any trend over 600 m altitudinal difference.
Soethe and others (2007) measured an increase in
root biomass as a major component of the trend
with elevation in TMCF in the thickness of the Oh
layer, probably the result of a shift in the allocation
of C from above- to below-ground associated with
lower temperatures (Raich and others 2006). The

100

Oh = 43*exp(-0.5%((altitude-3269)/138)?)
?=0.54, p <0.01
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Figure 6. Measured Oh layer thickness for the forest
(filled circle) and shrubland sites (open circle) with standard
errors in relation to altitude.

decline in the thickness of the Oh layer above
3300 m asl in the present study could have been
caused by the reduction in the density of woody
vegetation, resulting in lower root biomass and
litter inputs.

Disturbance Effects

High Andean grasslands have been used for hun-
dreds of years as pastures (Sarmiento and Frolich
2002) by farmers who manage them by burning
the vegetation to increase and/or maintain the
grazing area, and to establish new plant commu-
nities in grasslands which are better suited as feed
for livestock like cattle, horses, sheep, and llamas
(Ramsay and Oxley 1996). New pastures are also
created by clearing shrubs and forests, thereby
lowering the natural tree line (Kok and others
1995). These practices can also affect soil processes,
as summarized by Hofstede (1995): fire leads to an
enhanced cycling of nutrients in soils, and tram-
pling by livestock compacts the soil. As result,
reduced vegetation cover and higher soil density
leads to relative increases in soil temperature,
which can then accelerate soil organic matter
decomposition. We compared the grassland sites in
the puna with evidence for recent fire or cattle
presence with sites considered to be undisturbed to
examine the possible effects of fire or livestock
disturbance on SOC and N stocks (Table 4).

Puna sites with signs of recent burnings had
slightly lower SOC and N stocks, but only the N
stocks were significantly different from apparently
undisturbed sites. The concentrations of C and N
tended to be higher in fire-disturbed sites, but the
bulk soil densities were similar. Lower N stocks
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Table 4. Puna Sites Grouped According to Fire or Cattle Evidence, and Comparisons Between Means and

Standard Errors as Calculated with ¢-Tests

Property Effect Mean SE N P

SOC stock (kg/m?) Fire 9.58 1.10 0.13
No fire 12.34 1.05 21

N stock (kg/m?) Fire 0.717 0.077 0.02*
No fire 0.920 0.082 21

C concentration (%) Fire 11.32 0.80 9 0.05
No fire 9.46 0.50 21

N concentration (%) Fire 0.84 0.06 9 0.15
No fire 0.68 0.04 21

C/N ratio Fire 13.5 0.3 9 0.29
No fire 13.9 0.3 21

Bulk soil density (g/cm?) Fire 0.474 0.035 9 0.93
No fire 0.496 0.030 21

SOC stock (kg/m?) No cattle 12.39 1.36 10 0.46
Cattle 11.09 1.00 21

N stock (kg/m?) No cattle 0.93 0.12 10 0.45
Cattle 0.83 0.07 21

C concentration (%) No cattle 9.60 0.80 10 0.42
Cattle 10.39 0.54 21

N concentration (%) No cattle 0.750 0.074 10 0.48
Cattle 0.756 0.040 21

Bulk soil density (g/cm?) No cattle 0.486 0.032 10 0.69
Cattle 0.485 0.031 21

*Significant differences (P < 0.05).

were thus significantly related to the presence of
fire, but not to grazing by cattle (Table 4); the N
and SOC stocks and the bulk soil densities were
similarly unaffected by the presence of cattle. These
observations are consistent with those of Harris and
others (2007) who showed in Argentinean grass-
lands that fire and grazing altered the N stocks, but
not the SOC stocks. They explained this effect by
fire- and grazing-induced changes in plant tissue
chemistry, which were then incorporated in the
plant—soil biomass cycle. However, other studies
have shown that grazing can decrease SOC stocks
in grasslands through shifts in soil temperature,
bulk soil density, and moisture content (Hofstede
1995), with faster annual shoot turnover leading to
a redistribution of SOC within the plant-soil cycle
(Reeder and Schuman 2002), or alterations in soil
aggregate stabilities through cattle trampling (Li
and others 2007). It is thus likely that grazing
intensity is a determining factor, suggesting further
that the puna sites in our study region might not be
overgrazed in terms of SOC accumulation. Fur-
thermore, the presence of cattle was not correlated
with burning, although this may be because of
small sample size or also because of the detection
method used (visual observation without known
historical grazing intensity).

Charcoal residues within soil profiles were only
found at 3 sampling sites in the forest. The average
SOC stock at the sites with charcoal was large, at
23.1 kg C/m?, significantly higher (Mann-Whitney
rank sum test, P = 0.04) than the average SOC
stocks in charcoal-free forest sites (10.2 kg C/m?).
However, SOC stocks in charcoal-free forest sites
were still not significantly different from SOC
stocks in shrubland or grassland sites (P > 0.05).
Two of the 3 sites where charcoal was found were
above 3300 m asl, which could mean that they
were burnt in the past to lower the tree line. Most
of the upper TMCF tree lines in the Andes are
thought to have been influenced in the medium-
term past (centuries) by human-induced fires
(Sarmiento and Frolich 2002). A reason for the
relative lack of large charcoal pieces in the sampled
soil profiles may be that hardly any wood was
charred during the fires. Ramsay and Oxley (1996)
showed that soil temperatures during fires in An-
dean grasslands were below 65°C, which does not
lead to charring of wood. Furthermore, wood from
forests might have been harvested as a fuel source
before fires were induced, reducing the overall
charcoal output from the burning process (Kok and
others 1995). In any case, a higher density of
charred residues from the roots of trees or shrubs
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might have been expected, suggesting that the
collection of charcoal samples solely by visual
inspection of soil profiles may not be a reliable
predictor for determining the extent of fires and its
effect on lowering the tree lines. Further scrutiny of
the soil samples for microscopic charcoal might
reveal more detailed information about the fire
history in the study area.

SUMMARY

Total SOC stock as determined from 596 soil cores
from 68 sites ranging from 2994 to 3860 m asl
across the tree line in the Peruvian Andes were
not significantly different among forest, shrub-
land, and grassland sites. The forest soils showed a
uniform distribution of SOC within the soil pro-
file, whereas the density of SOC in the grassland
decreased exponentially with depth. Variations in
SOC stocks among sampling sites could be partly
attributed to differences in soil depth, which may
also have masked any biophysical effects of ele-
vation. The stocks of SOC in TMCF and shrubland
vegetation were mnot correlated with altitude.
Organic layers reached a maximum thickness at
3300 m asl, where TMCF began to thin in terms
of stem density, and grade toward shrub-domi-
nated vegetation. Therefore, the expansion of
TMCEF into former shrubland and grassland sites
might change the SOC distribution through al-
tered vegetation rooting and plant litter inputs
within soil profiles, but probably not the total
amount of SOC sequestered in these systems. The
presence of cattle and occurrence of fire appeared
to have no significant impact on the stocks of
SOC in the puna, and this may reflect low-
intensity agricultural land use in the region.
However, warming might lead to higher decom-
position rates of SOC and effect soils under all
three vegetation types.
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