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Abstract. Deforestation and land-use change affect ecosystem processes such as carbon cycling. Here, we
present results from a litter decomposition experiment in six natural and six disturbed vegetation types along
an elevation gradient of 3600 m on the southern slopes of Mount Kilimanjaro, Tanzania. We exposed litter bags
with a standard material for up to 12 weeks each in two seasons. In the cold wet season we sampled the full
elevation gradient and in the warm wet season we repeated the sampling in the lower part of the elevation
gradient. Though we found significantly negative effects of disturbance in forest ecosystems, this was only
due to differences between natural and burned Podocarpus forests. Disturbance characterized by a more open
vegetation structure in many of the studied vegetation types had no general effect when we studied the full
elevation gradient; this also included non-forest vegetation types. Land-use intensity had a significant negative
effect on decomposition rates but only in the warm wet season, not in the cold wet season. Temperature and
humidity were the most important drivers of decomposition overall and for all subsets of vegetation types and
seasons. Our study shows that negative effects of disturbance or land-use intensity on decomposition depended
on the severity of disturbance and on the season. Nevertheless, climate was generally the most relevant driver of
decomposition. Therefore, vegetation types with moderate levels of disturbance can retain high functionality in
regards to carbon cycling over short periods of time. More and longer decomposition studies are necessary to
better predict consequences of land-use change for carbon cycling in the Afrotropics.

1 Introduction

1.1 Litter decomposition and land-use change

The decomposition of plant material is an essential part of
carbon cycling. When forests are converted to agricultural
fields or grasslands, there is a significant decrease in litter
fall and consequently lower input of carbon and other nu-
trients (Dawoe et al., 2010; Becker et al., 2015; Paudel et
al., 2015b). Additionally, decomposition rates often decrease

with land-use change; deforestation in tropical forests has
been shown to decrease decomposition rates in secondary
forest (Martius et al., 2004; Paudel et al., 2015a; Both et
al., 2017), tree plantations (Attignon et al., 2004; Barlow et
al., 2007), agroforestry (Dawoe et al., 2010), and other agri-
cultural land uses (Kagezi et al., 2016, but see Cuke and
Srivastava, 2016). A drier microclimate due to more open
vegetation (Barlow et al., 2007; Paudel et al., 2015a) and
lower nutrient availability due to lower litter quality or higher
leaching (Dawoe et al., 2010; Both et al., 2017) have been

Published by Copernicus Publications on behalf of the European Ecological Federation (EEF).
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identified as the main reasons for lower decomposition rates
in such areas. However, effects of land-use change on litter
decomposition are often studied within a small range of cli-
matic conditions and with only one starting point for experi-
ments (but see Mugendi and Nair, 1996; Cuke and Srivastava,
2016; Peña-Peña and Irmler, 2016; Becker and Kuzyakov,
2018) despite the importance of climate and season for de-
composition (Paudel et al., 2015a).

1.2 Litter decomposition and climate

Climate is one of the three most important drivers of decom-
position together with litter quality and decomposer organ-
isms (Lavelle et al., 1993; Aerts, 1997). Decomposition rates
are highest in the wet tropical forest wherein temperatures
are warm and moisture is not limiting the activities of mi-
crobial and invertebrate decomposers (Lavelle et al., 1993;
García-Palacios et al., 2013). Studies in the tropics found
decomposition increased with increasing temperature when
moisture was similar across sites (Salinas et al., 2011; Es-
quivel et al., 2020) and increased along a precipitation gra-
dient when temperature was similar across sites (Powers et
al., 2009). Many decomposition studies in the tropics along
climate gradients were conducted in natural forests (Cusack
et al., 2009; Powers et al., 2009; Ostertag et al., 2022) and
along elevation gradients (Coûteaux et al., 2002), and often
both (Salinas et al., 2011; Bothwell et al., 2014; Marian et
al., 2017; Esquivel et al., 2020). Studies that considered the
effects of disturbance, succession, or land use simultaneously
however are still underrepresented in the tropics, particularly
outside of Central and South America (Castillo-Figueroa,
2021; but see Bohara et al., 2019). Disturbed forests often
have a drier or more variable microclimate compared with
natural forests, due to a more open vegetation structure (Bar-
low et al., 2007; Paudel et al., 2015a), but it is unclear in
which climatic conditions these microclimatic differences
are relevant.

1.3 Elevation gradients in general and Mount
Kilimanjaro specifically

Elevation gradients on mountains provide ideal systems to
test climate-related hypotheses (Lomolino, 2001). Mountains
have steep climatic gradients along their slopes and an adi-
abatic lapse rate of ca. 0.65 °C 100 m−1 elevation in moist-
adiabatic ecosystems (Dillon et al., 2006). Mountains with
different types of vegetation at a given elevation level allow
us to distinguish between climate- and vegetation-related ef-
fects on decomposition. Mount Kilimanjaro in Tanzania is
well-suited for this kind of study: it is the highest solitary
mountain in the world (5895 m a.s.l.), with a regular veg-
etation cover up to 4500 m a.s.l. (Hemp, 2009). Almost all
vegetation zones on the mountain experienced some kind of
disturbance in certain areas (Hemp, 2006). This allows for
the separation of effects of climate and disturbance along an

elevation gradient of more than 2300 m. The lower slopes
of the mountain have been settled for at least 500 years,
probably more than 2000 years (Soini, 2005; van der Plas et
al., 2021). The Chagga people developed a form of agricul-
ture involving agroforestry, i.e. the so-called homegardens,
hand-cut grasslands, a complex system of water channels for
irrigation, and maize fields at the foothills (Soini, 2005; Ki-
maro et al., 2019). Today, there are more settlements, and
more farms, but average farm size has decreased (Soini,
2005). To increase productivity, land-use intensity (LUI) had
to increase: the diversity of crops in homegardens increased
while many homegardens were transformed to coffee planta-
tions (Soini, 2005). Coffee plantations and maize fields are
regularly tilled and managed using fertilizers and pesticides
(Soini, 2005; Classen et al., 2015).

Since 2010, the KiLi project (Kilimanjaro ecosystems un-
der global change: linking biodiversity, biotic interactions
and biogeochemical ecosystem processes, DFG project FOR
1246) has been studying a large range of abiotic and biotic
aspects of all major vegetation types on the southern slopes
of Mount Kilimanjaro, on the same 60 study sites (Peters
et al., 2019). In this landscape, we expected decomposition
rates to be lower in managed vegetation types compared to
natural vegetation types due to lower litter fall and reduced
nutrient input. We further expected decomposition rates to
decrease in more open vegetation structures, i.e. to be lower
in more open forests, and in coffee plantations and grasslands
compared to agroforestry, due to a drier and more variable
microclimate. Finally, we expected decomposition rates to be
lower in coffee plantations compared to grasslands, due to the
use of pesticides, heavy machinery, and the large size of most
coffee plantations. Land-use intensity within the managed
vegetation type was variable, so we used a composite metric
considering the annual removal of plant biomass, vegetation
structure, chemical inputs to the ecosystem, and the propor-
tion of managed vegetation types in the surrounding land-
scape to account for these differences (Classen et al., 2015;
Peters et al., 2019). To our knowledge, our study is also the
first to compare litter decomposition rates in natural and dis-
turbed forests along the same elevation gradient.

1.4 Objectives

We used litter bags with maize husks (Zea mays L.; Lin-
naeus, 1753) to compare decomposition rates in 12 veg-
etation types along an elevation gradient of 3600 m, with
pairs of natural and disturbed vegetation types along an el-
evation gradient of 2300 m, and along a land-use gradient
from natural forests, traditional agroforestry/homegardens,
grasslands, and coffee plantations. We expected to find that
(i) decomposition would be faster at higher temperatures
and at higher humidity, (ii) decomposition would be slower
in disturbed vegetation types compared to natural vegeta-
tion types at similar elevations, and (iii) increasing land-
use intensity would slow down decomposition, with a gra-
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dient of faster to slower decomposition from lower montane
forests > homegardens > grasslands > coffee plantations.

2 Material and methods

2.1 Study area

Mount Kilimanjaro is an inactive volcano that rises from the
savanna at about 700 m a.s.l. to the summit, which is sur-
rounded by glaciers, at 5895 m a.s.l. (Nonnotte et al., 2008).
It is located in northeastern Tanzania, close to the Kenyan
border and just south of the Equator (2°45′ to 3°25′ S;
37°00′ to 37°43′ E). This region experiences two distinct
wet seasons, with heavy rains from March to May and mild
rains from October to December (Chan et al., 2008; Ap-
pelhans et al., 2016). The southern slopes of the mountain
receive most of the precipitation, with a peak of 2500 mm
mean annual precipitation at mid-elevations between 2200
and 2500 m a.s.l. (Røhr and Killingtveit, 2003; Appelhans
et al., 2016). The soils in the colline savanna at the foot of
the mountain are dominated by Acrisols, Ferralsols, Lixisols,
Nitisols, and Vertisols (Zech et al., 2014). The soils in the
cultivated zone on the lower slopes (between ca. 1100 and
1900 m a.s.l.) are mainly Anthrosols, while Andosols dom-
inate the montane forest belt and above (between ca. 2000
and 3200 m a.s.l.; Downie et al., 1956; Zech, 2006; Zech et
al., 2011, 2014). The alpine zone is dominated by Leptosols
(Zech, 2006). Soil pH was highest in homegardens at 5.8, and
lowest in Ocotea-dominated forest at 3.5 (Pabst et al., 2013).

2.2 Study sites

Along the elevation gradient, study sites were established
within six elevation levels where the most important natu-
ral vegetation types occur, i.e. those that cover the largest
area on and around Mount Kilimanjaro: savanna (between
870 and 1155 m a.s.l., sav), lower montane forest (between
1560 and 2040 m a.s.l., flm), Ocotea forest (between 2120
and 2750 m a.s.l., foc), Podocarpus forest (between 3830
and 3900 m a.s.l., fpo), Erica forest (between 3830 and
3900 m a.s.l., fer), and alpine Helichrysum communities (be-
tween 3880 and 4550 m a.s.l., hel); the elevation gradient
spans 3685 m (see also Fig. A1). In four of these elevation
levels, additional study sites were established in disturbed
environments. The type and extent of disturbance is unique
for each vegetation type. Savanna has been, and still is, trans-
formed to agricultural fields (between 865 and 1010 m a.s.l.,
mai). Agroforestry (hom), hand-cut grasslands (gra), and cof-
fee plantations (cof) replaced most of the lower montane
forest, forming a gradient of land-use intensity in the most
productive zone (between 1120 and 2040 m a.s.l.); historical
selective logging removed Ocotea trees (between 2220 and
2560 m a.s.l., fod); natural and human-caused fires destroyed
most of the old-growth Erica forests and transformed the
Podocarpus forests situated between 2770 and 3060 m a.s.l.

(fpd; Lambrechts et al., 2002; Hemp, 2006). We did not sam-
ple in disturbed Erica or Helichrysum communities. In each
of the six natural and six disturbed vegetation types, five
study sites of 50 m× 50 m were established with a minimum
distance of 300 m between the individual sites (for details,
see Ensslin et al., 2015; Rutten et al., 2015). The five sites
were chosen to represent the variation within an elevation
level with regard to vegetation structure, canopy cover, and
elevation. This resulted in considerable differences in the ex-
tent of land-use intensity within vegetation type, especially
for managed vegetation types. We therefore used a compos-
ite metric of land-use intensity in part of the analyses of these
vegetation types.

2.3 Preparation of litter bags

We used litter bags with maize husks as a standard litter
(10 cm× 15 cm, mesh size 4 mm× 4 mm). Standard litter
consisted of 5 g± 0.05 g intact inner leaves of maize husks.
The maize husks originated from two fields managed by the
same farmer. Husks with visible fungal spots were not used,
but we had to assume that all husks were infected. The litter
was dried at 72 °C for 1 week to reduce the effect of microor-
ganisms already present on the husks and then left in the lab
for another 2 to 3 d to adjust to normal air humidity and to as-
sume a stable mass before litter bag preparation. Maize husks
can absorb considerable amounts of water from the ambient
air in a very short time (Bernhardt et al., 2019). Additional
litter bags that were not exposed in the field were used to es-
timate moisture (8.8± 1.6 % mean±SD, w/w) and ash con-
tent (3.0± 0.31 %) at the time of preparation. Moisture and
ash content were used to calculate ash-free organic matter
content in the litter samples exposed at the sites (Eq. 1). Sub-
samples of 2 mg were analysed for carbon (43± 1.2 %) and
nitrogen content (0.29± 0.071 %), resulting in a C : N ratio
of 156± 30.4. Handling bias was close to zero owing to the
soft texture of the husks.

2.4 Experimental design

In March 2012, at the beginning of the cold wet season, we
placed 6 litter bags on each of the 60 study sites along the el-
evation gradient. Bags were arranged in three blocks to cover
site-inherent variation of microhabitats (Fig. A1). Owing to
logistics at the time of collection, we could not sample two of
the Erica forest sites, reducing the total number of litter bags
to 3 bags× 2 collecting times× 58 sites= 342 bags. We col-
lected 3 bags per site after ca. 5 weeks (between 34 and 53 d)
and 3 bags per site after ca. 10 weeks (between 63 and 86 d,
Table 1). Unfortunately, at four grassland sites and one site in
a coffee plantation, litter bags were destroyed so we decided
to collect all remaining bags from these sites after 5 weeks.
From one grassland site all samples were lost, reducing the
number of sampling sites considered in this analysis to 57.
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Further losses reduced the total number of bags to 276 in the
analysis.

In September 2012, at the beginning of the warm wet sea-
son, we placed six bags per site in two natural and four dis-
turbed vegetation types, i.e. in all sites of the two lower el-
evation levels. Due to logistical challenges, we could only
sample one of five elevation transects, so we focused our
analyses on four vegetation types along the land-use gradi-
ent. We collected 6 bags per site after ca. 10 weeks (between
67 and 84 d). Of 186 exposed bags, 155 were valid, and 92
bags from the second to lowest elevation zone were used in
the analyses. Results for all valid samples from both seasons
are listed in Table A1.

We chose this rather short exposure time because (1) on
sites below 2000 m a.s.l. long exposure times of litter bags
were not feasible due to management (e.g. tilling and some-
times willful damage); (2) we wanted to restrict sampling to
the wet seasons (Peña-Peña and Irmler, 2016); (3) the highest
mass loss occurs shortly after exposure, revealing differences
between vegetation types within short time (e.g. González
and Seastedt, 2001); and (4) decomposition is very fast in
wet tropical forests, reducing half-time decomposition to a
few weeks (Wall et al., 2008).

2.5 Processing of samples

Upon collection, each litter bag was placed into a paper bag,
dried at 72 °C for at least 2 d or at 40 °C for at least 4 d, and
then stored in a dry place until they were brought to the lab-
oratory. In the laboratory, contaminations like roots, plants,
or twigs were removed, the litter samples were dried again at
70 °C, and weighed again before all of the litter bag contents
were burned at 550 °C for 30 min in a muffle furnace (CEM
SAM255; Potthoff and Loftfield, 1998). There was no fur-
ther loss in organic matter after 1 and 2 h of burning, so we
used 30 min to process most samples. The remaining sample
was weighed again to determine remaining ash-free organic
matter content. We chose this method of sample processing
to address soil contamination.

Several samples lost more organic matter during loss on
ignition than was originally present in the litter bags. Most of
these samples came from maize fields (about half of the col-
lected bags) and savanna (about a third of the bags). These
litter bags were caked with soil, and the remaining litter was
too fragmented to be extracted by hand. There was additional
organic matter in the soil on these samples; therefore, these
samples were excluded from subsequent analyses because
the fraction of litter remaining could not be determined. If
mass loss was negative only after we corrected for water
and ash content, we used the samples but set mass loss to 0.
Some samples contained significant amounts of soil but con-
tained more organic matter before than after exposure. We
used these samples in the analyses, although this could have
resulted in an underestimation of the actual decomposition

(Idol et al., 2002). There was no soil contamination of litter
bags in forest sites or at higher elevations.

2.6 Environmental data

All study sites were equipped with sensors for temperature
and relative humidity that were installed approximately 2 m
above the ground. Details on the design and set-up of sensors
and on the processing of collected data were described by
Appelhans et al. (2015, 2016). For the analyses, mean tem-
perature and mean humidity per sampling period were cal-
culated from mean monthly temperature and mean monthly
relative air humidity data aggregated from measurements at
the sites, weighted by the number of days the bags were ex-
posed in the respective months (example given in Table 1).
Along the elevation gradient, disturbance was modelled us-
ing a binary factor (natural–disturbed). To measure distur-
bance along the land-use gradient, a composite metric was
used that considered annual removal of plant biomass, chem-
ical inputs to the ecosystem, vegetation structure, and the
proportion of managed vegetation types in the surrounding
landscape (Classen et al., 2015; Peters et al., 2019). For a
more detailed description of the index, please refer to Classen
et al. (2015), where more information on the methodology is
provided in the supplement.

2.7 Data analysis

Bags at lower elevations tended to be exposed slightly longer
than bags at higher elevations. We used a single exponential
model (Olson, 1963) to estimate mean decomposition rates
per site per day based on the ash-free mass loss per bag and
the number of days the bags were in the field. We estimated
the decomposition rate constant k as the slope of a log-linear
regression based on Eq. (1):

ln
(

ash-free massafter

ash-free massbefore

)
=−k× number of days , (1)

with

ash-free massbefore

= dry massbefore−
(
dry massbefore×mean ash content

)
(2)

and

dry massbefore

=massbefore− (massbefore×mean moisture content) . (3)

We restricted all analyses concerning elevation or elevation
level to samples from March–May 2012, because this was
the only sampling period to cover the full elevation gradi-
ent. Decomposition rates were log-transformed to approach
a normal distribution of errors. We used a two-way ANOVA
with disturbance and elevation levels as factors to compare
decomposition rates for pairs of natural and disturbed veg-
etation types at four and three elevation levels. We used a
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Table 1. Environmental conditions and decomposition rates on study sites in March–May 2012. Temperature and humidity values were
calculated from mean monthly temperature and mean monthly humidity; weighted by the number of days the bags were exposed in the
respective months (e.g. mean temperature during sampling on site X, bags exposed on 9 March 2012, collected 24 May 2012:= ((22dMarch×
16.7°CMarch)+ (30dApril×15.7°CApril)+ (24dMay×14.2°CMay))/76 d total= 15.5 °C). Land-use intensity considered annual removal of
plant biomass, chemical inputs to the ecosystem, vegetation structure, and the proportion of managed vegetation types in the surrounding
landscape (for details, see Classen et al., 2015). Litter bags from three of four grassland sites were collected after 42–47 d, with mass loss
of 8.7 %–18 %. We only included mass loss of one grassland in this table where litter bags were collected also after 72 d, to make results
comparable with other vegetation types. For mass loss and decomposition rate per site and collection time, see Table A1.

Vegetation type No. of Elevation Mean Mean Land-use Max. Decomposition Decomposition
sites monthly monthly intensity mass rate rate

temperature humidity index loss

range mean mean mean mean mean mean
(range) (range) (range) (range) (range) (range)

(m a.s.l.) (°C) (%) (%) (×10−3 d−1) (yr−1)

Savanna 5 871–1150 23 75 0.24 17 2.6 0.97
(21–24) (72–79) (0.12–0.32) (3.4–25) (1.2–4.3) (0.45–1.6)

Maize field 5 866–1010 23 75 0.55 36 6.2 2.2
(22–24) (73–79) (0.45–0.69) (24–57) (0–13) (0–4.8)

Lower montane 5 1560–2040 15 94 0.12 44 8.4 3.0
forest (14–16) (92–96) (0.071–0.15) (38–49) (6.7–10) (2.4–3.7)

Chagga 5 1170–1790 18 87 0.49 43 9.1 3.3
homegarden (15–20) (85–92) (0.39–0.56) (30–62) (4.4–16) (1.6–5.9)

Grassland 4 1300–1750 19 83 0.69 22 3.4 1.2
(17–21) (82–86) (0.65–0.73) (2.1–4.8) (0.75–1.7)

Coffee plantation 5 1120–1650 20 83 0.79 44 8.1 3.0
(18–23) (78–87) (0.52–0.88) (35–54) (6.4–12) (2.3–4.3)

Ocotea forest 5 2120–2750 11 94 0.0058 34 6.0 2.2
(8.8–13) (90–97) (0.0003–0.013) (22–43) (3.8–8) (1.4–2.9)

Ocotea forest, 5 2220–2560 11 96 0.087 32 5.5 2.0
logged (9.7–13) (94–99) (0.062–0.1) (27–36) (4.2–6.4) (1.5–2.3)

Podocarpus forest 5 2720–2970 9.1 93 0.0014 33 5.7 2.1
(8.0–9.9) (90–96) (0.00031–0.0031) (18–46) (3.3–9.0) (1.2–3.3)

Podocarpus forest, 5 2770–3060 9.1 93 0.22 17 2.6 0.94
burned (7.7–10) (89–96) (0.2–0.24) (10–23) (1.4–3.8) (0.52–1.4)

Erica forest 3 3500–3880 5.2 86 0.0094 5.4 0.85 0.31
(4.3–6.6) (83–88) (0.0055–0.016) (3.0–9.5) (0.51–1.4) (0.18–0.51)

Helichrysum 5 3880–4550 3.6 77 0.0026 3.9 0.68 0.25
(1.6–5.5) (68–87) (0–0.012) (3.0–6.7) (0.57–0.98) (0.21–0.36)

one-way ANOVA to test for differences between the four
vegetation types along the land-use gradient. If there were
significant differences detected by the ANOVA, we used a
Tukey honestly significant difference (HSD) post hoc test
with a confidence level of 0.95. We further used generalized
additive models (GAMs) to correlate decomposition rates
with temperature, humidity, and disturbance (factor; eleva-
tion gradient) and with land-use intensity index (continuous;
land-use gradient), respectively. Continuous variables were
z transformed prior to analyses. We used a default basis di-
mension of k = 5 for analyses along the elevation gradient
and k = 3 for analyses along the land-use gradient to account

for a limited number of data points. The GAMs used Gaus-
sian error distribution and thin plate regression splines to fit
the curves for main effects and for interactions of main ef-
fects and disturbance as a factor (package mgcv v.1.8-31 in
R; Wood, 2003, 2011). The GAM modelling decomposition
along the land-use gradient used tensor product interactions
to fit curves for the interaction terms (Wood, 2006, 2017).
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Figure 1. Overview of environmental variables in the cold wet sea-
son (March–May 2012): (a) temperature, (c) humidity, and (e) land-
use intensity per site along the elevation gradient, (b) temperature
and (d) humidity related to land-use intensity, and (f) humidity
related to temperature. Shown are raw mean temperature and hu-
midity values for the longest time of exposure per site. Curves are
GAM curves for natural (grey points) and disturbed (empty trian-
gles) sites. Shading indicates standard errors.

3 Results

3.1 Overall patterns of environmental variables and
mass loss

Mean monthly temperature declined linearly with increas-
ing elevation, with a lapse rate of−0.62 °C 100 m−1 (Fig. 1).
Mean monthly relative air humidity showed a hump-shaped
pattern, with a peak at 2440 m a.s.l. Land-use intensity de-
clined with increasing elevation (Fig. 1) and was highest in
coffee plantations, followed by grasslands, maize fields, and
homegardens (Table 1). Temperature increased and humidity
decreased linearly with increasing land-use intensity (Fig. 1).
Humidity peaked at temperatures of 12.1 °C and decreased
towards lower and higher temperatures (Fig. 1).

In the cold wet season, mass loss per site ranged between
3.0 % (Helichrysum and Erica) and 62 % (homegarden) after
70 and 63 d, respectively (Table 1, Fig. A2). Mean mass loss
per vegetation type was 5.4 % or lower for Helichrysum com-
munities and Erica forest and highest in the second to lowest
elevation zone, i.e. in lower montane forest (mean= 44 %),
coffee plantations (44 %), and homegardens (43 %, Table 1).
Mass loss in grasslands, which were at similar elevations,
was about half of the mass loss found in the other three veg-
etation types of the same elevation zone (22 %, Table 1).

In the warm wet season, mass loss per vegetation type was
overall lower than in the cold wet season (Table A1). Mass
loss in maize fields (13 %) was about a third of that in the cold
wet season (36 %). In the second to lowest elevation zone,
mass loss was between a third (grasslands 15 %, forest 28 %,
coffee plantations 32 %) and about half (homegardens, 24 %)
lower than in the cold wet season (Table A1).

3.2 Decomposition rates in natural and disturbed
vegetation types along the elevation gradient

In natural vegetation types, decomposition rates peaked at
mid-elevations in the forest belt (Fig. 2, Table 1). The high-
est decomposition rates were recorded at a lower montane
forest site (10× 10−3 d−1), and the lowest decomposition
rates were recorded at an Erica forest site (0.51×10−3 d−1),
closely followed by four Helichrysum sites (between 0.57
and 0.65×10−3 d−1, Table 1). In disturbed vegetation types,
decomposition rates declined linearly with increasing eleva-
tion (Fig. 2). Decomposition was fastest in homegardens and
coffee plantations, followed by maize fields and grasslands,
and slowest in disturbed Podocarpus forests (Table 1).

In a two-way ANOVA with elevation level and disturbance
as factors, we found that elevation level had a significant
effect on decomposition rates when we considered vegeta-
tion types at four elevation levels (F3,31 = 9.1, p < 0.001,
Fig. 2a, Table A2). Decomposition rates in lower montane
forests and homegardens were significantly higher than de-
composition rates in savanna and maize fields (p = 0.0011)
and significantly higher than decomposition rates in natural
and disturbed Podocarpus forests (p < 0.001). Disturbance
had no significant effect on decomposition rates (F1,31 =

0.096, p = 0.76), but the interaction of disturbance and ele-
vation level was significant (F3,31 = 8.2, p < 0.001). Within
elevation levels, disturbance only had a significant effect for
savanna and maize fields (p = 0.010), with slower decompo-
sition in savanna sites compared to the fields (Fig. 2a).

When we calculated a two-way ANOVA only for the
pairs of natural and disturbed forest types in the forest zone
of Mount Kilimanjaro, disturbance had a significant effect,
with lower decomposition rates in disturbed forests than in
natural forests (F1,24 = 5.0, p = 0.035, Table A3). Eleva-
tion level (F2,24 = 15, p < 0.001) and the interaction of ele-
vation level and disturbance (F2,24 = 4.0, p = 0.032) were
also significant. Decomposition rates declined from lower
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Figure 2. Decomposition rates along the elevation gradient in
March–May 2012 (a) and per vegetation type and season (b). In
panel (a), curves are GAM curves for natural (grey points) and dis-
turbed (empty triangles) sites; shading indicates standard error. In
panel (b), elevation levels are sorted from low elevations to high
elevations from left to right. Shown are raw mean values. Vegeta-
tion types within elevation levels are sorted from low to high land-
use intensity from left to right. For the lower six vegetation types,
we show decomposition rates from the cold wet season on the left
and from the warm wet season on the right side (striped boxes).
Boxes show median and 25 %–75 % interval; whiskers extend to
max. 1.5× of box length. Abbreviations: sav – savanna, mai – maize
field, flm – lower montane forest, hom – homegarden, gra – grass-
land, cof – coffee plantation, foc – Ocotea forest, fod – disturbed
Ocotea forest, fpo – Podocarpus forest, fpd – disturbed Podocarpus
forest, fer – Erica forest, hel – Helichrysum community.

to higher elevations, with lower montane forests > Ocotea
forests > Podocarpus forests (Table A3). Within elevation
levels, decomposition was faster in natural Podocarpus
forests than in disturbed Podocarpus forests (p = 0.016), but
there were no differences for natural and disturbed forests at
lower elevations (flm–hom, foc–fod; p > 0.05 in both cases,
Table A3).

Along the elevation gradient, both temperature and humid-
ity had significant positive effects on decomposition rates
when we included all vegetation types in the model (Table 2).

Decomposition rates increased linearly with increasing tem-
peratures, while the significantly positive relationship of de-
composition rates and humidity was slightly more complex
(Fig. 3). Disturbance (factor) was not significant (Table 2).
The interaction of temperature and disturbed sites was sig-
nificant, with decomposition rates increasing linearly with
increasing temperature on disturbed sites. Other interactions
were not significant (Table 2).

When we restricted the analysis to three pairs of forest
types, temperature and humidity still had significant posi-
tive effects on decomposition rates (Table 2). However, de-
composition rates were significantly lower in disturbed sites
compared to natural sites for this subset of vegetation types.
Again, only the interaction of temperature and disturbed sites
was significant, with decomposition rates increasing linearly
with increasing temperatures on disturbed sites (Table 2).

3.3 Decomposition along the land-use gradient

Along the land-use gradient, decomposition rates increased
significantly with increasing temperature and with increasing
humidity, but only in the cold wet season (Table 2, Fig. 3).
In the cold wet season, the interaction of land-use intensity
and humidity was also significant, with highest decompo-
sition rates when humidity was high and land-use intensity
was intermediate, and lowest decomposition rates when hu-
midity was low and land-use intensity was medium. Land-
use intensity as a main effect and the interaction of land-use
intensity and temperature had no significant effects in this
season (Table 2). In the warm wet season, all main effects
and all interactions had significant effects on decomposition
(Table 2). However, the patterns were different than in the
cold wet season: temperature was related to decomposition in
a hump-shaped pattern, with highest decomposition rates at
low and high temperatures, and lowest decomposition rates at
medium temperatures. Decomposition rates decreased with
both increasing humidity and with increasing land-use in-
tensity. Regarding the interaction of humidity and land-use
intensity, decomposition was low when both humidity and
land-use intensity were high, and decomposition was high
when land-use intensity was high, but humidity was low. Re-
garding the interaction of temperature and land-use intensity,
decomposition was low when both temperature and land-use
intensity were high, and decomposition was high when tem-
perature was high but land-use intensity was low.

When we used an ANOVA to compare decomposition
rates in the four vegetation types that constituted the land-
use gradient, we found significant differences in both seasons
(cold wet season: F3,15 = 8.5, p = 0.0015, Table A4; warm
wet season: F3,14 = 4.4, p = 0.022, Table A5). However, de-
composition rates in grasslands were more different from the
other vegetation types in one season than in the other: in
the cold wet season, grasslands had significantly lower de-
composition rates compared to any of the other three vegeta-
tion types (flm–gra, hom–gra, cof–gra p < 0.01 in all three
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Table 2. GAM results for decomposition rates related to temperature and humidity: for all 12 vegetation types, for 3 pairs of forest types,
and for decomposition rates along the land-use gradient in the cold wet season (March–May 2012) and in the warm wet season (September–
December 2012). Significant results are bold. edf – estimated degrees of freedom, ref. df – reference degrees of freedom.

All sites Forests

Estimate SE T value P value Estimate SE T value P value

Intercept −5.74 0.0862 −66.6 < 0.001 −5.06 0.0859 −58.9 < 0.001
Disturbance 0.00975 0.144 0.0677 0.946 −0.280 0.121 −2.31 0.0305

edf Ref. df F statistic P value edf Ref. df F statistic P value

Temperature 0.667 0.667 47.9 < 0.001 0.667 0.667 54.1 < 0.001
Humidity 3.22 3.54 9.84 < 0.001 0.667 0.667 12.3 < 0.00881
Temperature–natural 1.46 1.97 1 0.377 0.667 0.667 1.53 0.323
Temperature–disturbed 0.667 0.667 29.0 < 0.001 0.667 0.667 29.7 < 0.001
Humidity–natural 0.771 0.858 0.0229 0.889 0.667 0.667 0.68 0.507
Humidity–disturbed 0.667 0.667 2.55 0.198 2.14 2.67 1.51 0.171
Deviance explained 0.833 0.735
Adj. R2 0.802 0.659
n 56 30

Land-use gradient

Cold wet season Warm wet season

Estimate SE T value P value Estimate SE T value P value

Intercept −5.11 0.207 −24.7 < 0.001 −5.55 0.135 −41.2 < 0.001

edf Ref. df F statistic P value edf Ref. df F statistic P value

Temperature 1 1 21.5 0.001 1.96 2 4.66 0.0425
Humidity 1.60 1.84 6.96 0.0064 1 1 6.33 0.0319
LUI 1 1 0.504 0.492 1 1 5.43 0.0436
Temperature–LUI 1 1 3.46 0.0882 1.92 1.99 4.97 0.0296
Humidity–LUI 1.85 1.97 3.86 0.0447 1.88 1.98 5.58 0.0282
Deviance explained 0.784 0.756
Adj. R2 0.663 0.551
n 19 18

cases). Mean decomposition rates of lower montane forests,
homegardens, and coffee plantations were not significantly
different (flm–hom, flm–cof, hom–cof, p > 0.05 in all three
cases, Table A4). In the warm wet season, grasslands only
had lower decomposition rates than the coffee plantations
(p = 0.016). There was no difference in mean decomposi-
tion rates between any of the other combinations of vegeta-
tion types (p > 0.05 in all five cases, Table A5). When we
compared decomposition rates in the lower six vegetation
types across seasons, decomposition rates were significantly
higher in the cold wet season compared to the warm wet sea-
son (F1,47 = 12.5, p < 0.001, Fig. 2b, Table A6).

4 Discussion

Depending on the subset of vegetation types included in the
analysis, effects of disturbance on decomposition were neg-
ative or non-significant. When we analysed pairs of natural

and disturbed forest types, we found a significantly negative
effect of disturbance on decomposition. When we included
natural and disturbed vegetation types from lower elevations,
or all 12 studied vegetation types, disturbance had no overall
significant effect. Land-use intensity had a significant nega-
tive effect on decomposition rates along the land-use gradi-
ent, but only in the warm wet season. Overall, temperature
and humidity explained most of the variance in decomposi-
tion rates along both the elevation gradient and the land-use
gradient.

4.1 Range of mass loss and different stages of
decomposition

We found decomposition rates between 0.25 and 3.3 yr−1

across all vegetation types and between 0.31 and 3.0 yr−1

in forests. These values are well within the range of decom-
position rates reported by other studies in the tropics and in
tropical forests: Gholz et al. (2000) reported decomposition
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Figure 3. Decomposition rates related to environmental variables.
(a, b) All sites along the elevation gradient in the cold wet sea-
son (March–May 2012), (c, e, g) vegetation types along the land-
use gradient in the cold wet season (March–May 2012), and
(d, f, h) vegetation types along the land-use gradient in the warm
wet season (September–December 2012). Curves are GAM curves,
and shading indicates standard error. In panels (a) and (b), there
are separate GAM curves for natural (grey points) and for disturbed
sites (empty triangles). In panels (c)–(h), we show one GAM curve
for all sites together. Shown are raw mean values. Please note that
scales on both axes in panels (a) and (b) are different from pan-
els (c)–(h).

rates of 3.7 yr−1 for a broadleaved standard litter in the sea-
sonal forest of Barro Colorado Island (BCI), 0.14 yr−1 for
pine needles in a tropical dry forest, or between 0.22 yr−1

(pine needles) and 1.2 yr−1 for the broadleaved species in
tropical montane forests. Wall et al. (2008) found decompo-
sition rates between 1.4 and 3.2 yr−1 for wet tropical sites
and 1.8 and 2.1 yr−1 for two savannas, also for a standard
litter.

Our aim was to compare decomposition rates in very dif-
ferent vegetation types along an elevation gradient of 3600 m
within a single season, i.e. within a short time frame. Al-
though decomposition is fast in the tropics, and although we

chose a wet season, mass loss at the upper and lower ends of
our elevation gradient was low or very low. Decomposition
has been divided in three stages, characterized by leaching of
soluble compounds in the early stage, onset of lignin decom-
position in the late stage, and little to no further mass loss in
the very late stage (Berg and Staaf, 1980; Currie et al., 2009;
Berg and Lönn, 2022; but see Duboc et al., 2014). The onset
of late stage decomposition depends on litter quality, but be-
tween 20 % and 30 % are rough estimates of the correspond-
ing mass loss (Berg and Staaf, 1980; Gholz et al., 2000). We
did not track litter quality in this study, but we assume that
samples with less than 5 % of mass loss (most samples from
Erica forest and Helichrysum) were still in the leaching stage
and their decomposition likely depending on different factors
compared to samples with 20 % or more mass loss. If we use
20 % mass loss as a proxy, decomposition was in its early
stages in 3 of 12 vegetation types, while it likely advanced
to late stage decomposition in the rest – despite the short
time frame. To reach at least 20 % mass loss under similar
climatic conditions, the experiment would have had to last
at least 84 d in savanna and at least 263 and 326 d in Erica
forest and in Helichrysum communities. However, climatic
conditions at low and at high elevations are highly seasonal
along this gradient (Appelhans et al., 2016). Consequently,
decomposition rates increased 2.5-fold in Erica forest and
3-fold in Helichrysum from cold to warm wet season for lit-
ter bags (Table A1) and by almost 50 % for buried tea bags
(Becker and Kuzyakov, 2018). Unfortunately, we could not
sample the full elevation gradient in the warm wet season to
analyse seasonal differences along the elevation gradient.

4.2 Standard litter

We used a natural standard litter to compare decomposition
rates across several vegetation types that did not share any
common plant species. This approach has been adopted by
a multitude of decomposition studies (e.g. Wall et al., 2008;
Cusack et al., 2009; Keuskamp et al., 2013). Studies at lo-
cal (Esquivel et al., 2020) and global scales (Makkonen et
al., 2012) showed that the relative speed of decomposition
of different litter species was predicted by litter quality and
that the ranking from fast to slow decomposing litter species
was stable across vegetation types and across biomes, despite
very different local decomposer communities and climatic
conditions. The C : N ratio of our standard litter (156) was
higher than the C : N ratios of the natural litterfall at these
sites (range mean C : N between 16.8 (hom) and 44.9 (flm);
Becker et al., 2015). A high C : N ratio has been assumed to
be an indicator of low litter quality and low decomposabil-
ity (e.g. Makkonen et al., 2012). But litter quality of maize
husks may not be as low as this ratio suggests. For example,
Burgess et al. (2002) found that mass loss of maize husks was
almost as fast as mass loss of maize leaves, despite very dif-
ferent initial C : N ratios (husks 103, leaves 42). Peña-Peña
and Irmler (2016) used a mix of maize leaves and husks as a
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standard litter and found that it decomposed faster than native
litter mixtures. In their study, decomposition rates increased
with decreasing lignin content and were unrelated to C : N
ratios. We did not measure lignin content, but the literature
reports rather low lignin ratios of 7 %–8 % (w/w) for maize
husks (Burgess et al., 2002; Bernhardt et al., 2019). With a
mean mass loss of 28 % and up to 62 % in only 10–12 weeks,
our standard litter was therefore suitable to compare at least
9 of 12 of the studied vegetation types, under the assumption
that the relative decomposition rates of maize husks com-
pared to local leaf litter was stable across vegetation types
and climatic conditions (Makkonen et al., 2012; Esquivel et
al., 2020).

4.3 Decomposition along the elevation gradient

Climate explained large parts of the variance of decomposi-
tion rates as has previously been shown for elevation gradi-
ents (Coûteaux et al., 2002; Bothwell et al., 2014; Canessa
et al., 2021) and on a global scale (Aerts, 1997; Gholz et
al., 2000; Wall et al., 2008; Zhang et al., 2008). Short-term
decomposition is well predicted by single-exponential mod-
els (Wall et al., 2008) and is often driven by climate (Johans-
son et al., 1995; Wall et al., 2008; Currie et al., 2009). Our
study agrees with these findings, as temperature and humid-
ity explained large and significant amounts of variation in all
models.

The hump-shaped pattern of decomposition rates in nat-
ural vegetation types along the elevation gradient fol-
lowed patterns of humidity and precipitation (Appelhans et
al., 2016), productivity (Detsch et al., 2016), aboveground
living (Ensslin et al., 2015) and dead biomass (Komposch
et al., 2022), carbon, nitrogen, and other nutrient contents
of natural litterfall (Becker et al., 2015), and soil microbial
biomass, water extractable carbon, soil moisture, and an in-
verse pattern of soil pH (Pabst et al., 2013). Peters et al.
(2019) provided an overview of ecosystem processes mea-
sured on the same study sites. We found decomposition rates
that were ca. 55 %–65 % lower compared to a study on a
small subset of the same study sites (Becker and Kuzyakov,
2018). However, Becker and Kuzyakov (2018) used buried
tea bags, while our litter bags were placed on the soil surface.
Buried litter often decomposes faster compared to litter on
the soil surface (e.g. Burgess et al., 2002; Fanin et al., 2020),
at least at sites with < 3000 mm mean annual precipitation
(Powers et al., 2009).

As expected, decomposition rates increased with increas-
ing temperatures and with increasing humidity, with peaks
on the lower slopes of the mountain where both tempera-
tures and humidity were high (Fig. 2). However, combina-
tions of temperature and relative air humidity for the highest
decomposition rates were different in natural (ca. 10–15 °C,
90 %–100 %) and in disturbed sites (ca. 20–25 °C, 75 %–
90 %; Fig. 3). Homegardens and coffee plantations are irri-
gated (Classen et al., 2014; Kimaro et al., 2019), and most of

the maize fields we studied were rather small (< 10 000 m2),
weeded by hand, and could therefore develop a herbal and
grass layer during maize cultivation that decreased evapora-
tion (Classen et al., 2015; Lasway et al., 2022). Therefore,
soil moisture was probably considerably higher than relative
air humidity suggested, facilitating decomposition in man-
aged vegetation types. Consequently, we did not find an over-
all negative effect of disturbance on decomposition rates.

4.4 Decomposition in natural and disturbed forests

In natural forests, decomposition was significantly faster than
in disturbed forests along the elevation gradient. Other stud-
ies focused either on disturbance (Attignon et al., 2004; Bar-
low et al., 2007; Cizungu et al., 2014; Martínez-Falcón et
al., 2015) or on elevation gradients (Salinas et al., 2011;
Bothwell et al., 2014; Marian et al., 2017; Esquivel et
al., 2020) or compared forests with other vegetation types
(Bohara et al., 2019). Lower decomposition rates in planta-
tion forests or selectively logged forests were often attributed
to a warmer and drier microclimate (Attignon et al., 2004;
Barlow et al., 2007; Cizungu et al., 2014) or to lower rich-
ness and/or activity of invertebrates (Attignon et al., 2004;
Martínez-Falcón et al., 2015) or to higher leaching of lim-
iting nutrients from the soils (Both et al., 2017). However,
some of these studies and others did not find any differ-
ences between primary and secondary or selectively logged
forests. When decomposition rates were similar this was re-
lated to similar vegetation structure and resulting similar mi-
croclimate (Attignon et al., 2004; Vasconcelos and Laurance,
2005; Barlow et al., 2007), higher variation within than be-
tween forest types (Burghouts et al., 1992), and restored
ecosystem functions like quantity and quality of litterfall
(Burghouts et al., 1992; Barlow et al., 2007). In our study, the
significant difference between natural and disturbed forests
was largely driven by the large difference between natural
and previously burned Podocarpus forests, probably due to
differences in vegetation structure (Rutten et al., 2015). Mean
decomposition rates in natural and selectively logged Ocotea
forest or natural forest and agroforestry were not statistically
different (Fig. 2). Therefore, disturbed forests can provide
important ecosystem functions, but only when disturbance is
not too severe.

4.5 Decomposition along the land-use gradient

Decomposition rates decreased with increasing land-use in-
tensity, but only in the warm wet season. In the cold wet
season, climate and an interaction of humidity and land-use
intensity were the only significant terms. The study sites in
each vegetation type were selected to cover the entire eleva-
tion range of the vegetation type. For the land-use gradient,
this meant that study sites within a vegetation type covered at
least 445 m of elevation (grasslands), a maximum of 620 m
of elevation (homegardens), and 915 m overall (Table 1).
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This was a considerable climatic gradient, which seems to
have been more important for decomposition in the cold
wet season than any land-use-related differences between
vegetation types. In the same vegetation types, soil organic
carbon (Pabst et al., 2016) and soil microbial biomass de-
creased (Pabst et al., 2013), and soil organic matter turnover
increased (Becker et al., 2015) with increasing land-use in-
tensity, which is common for tropical forests that are con-
verted to agricultural systems (Don et al., 2011). Still, these
differences were not strong enough to reflect in decomposi-
tion rates at the soil surface in both seasons.

Instead, the relationship of decomposition rates and land-
use intensity was seasonal. In the warm wet season, land-use
intensity had the expected significantly negative effect on de-
composition rates. On a small subset of the same study sites,
mean annual decomposition rates of buried tea bags also de-
creased from lower montane forest to coffee plantation to
homegarden, but only when decomposition rates were ag-
gregated over a full year (Becker and Kuzyakov, 2018). In
the cold wet season, Becker and Kuzyakov (2018), like us,
found no differences in decomposition rates between these
three vegetation types. They did not consider a grassland
site. Other studies also found seasonal differences between
land-use types, but not when they aggregated decomposi-
tion rates over a full year: Cuke and Srivastava (2016) found
9 % higher decomposition rates in orange plantations com-
pared to natural forest, but only in a wet season. Peña-Peña
and Irmler (2016) found higher decomposition rates in Cer-
rado forest compared to cropland and grasslands, but only
in a dry season. Although there are studies emphasizing the
importance of climatic conditions during the start of a de-
composition experiment (e.g. Paudel et al., 2015a), the num-
ber of studies considering seasonal differences between land-
use types is low, with ambiguous results (Mugendi and Nair,
1996; Cuke and Srivastava, 2016; and Irmler, 2016; Becker
and Kuzyakov, 2018). Therefore, further studies are neces-
sary to explore the relative effects of climate and land-use
specific vegetation characteristics on seasonal decomposition
patterns.

4.6 Low decomposition rates in grasslands

Decomposition rates in grasslands were only between one-
half and two-thirds of those recorded for the other three land-
use types at similar elevations (Table 1, Fig. 2b). Other stud-
ies comparing grasslands and forests related lower decom-
position rates in grasslands to a more variable and more ex-
treme microclimate due to missing structural complexity and
canopy cover (Lorenzo et al., 2014; Paudel et al., 2015a).
Forests are buffering microclimate, resulting in lower tem-
peratures, higher humidity, and lower climatic variability
(Thom et al., 2020; Guarderas et al., 2022). Vegetation struc-
ture in homegardens was comparable to forests, and the sam-
pled coffee plantations were irrigated, fertilized, and featured
shade trees (Rutten et al., 2015). However, decomposition in

tropical grasslands can also be similar to forests at similar
elevations when termite abundance was higher in grasslands
than in forests (Kagezi et al., 2016, 2011), or even higher,
when soils were moister in grasslands than in forests on
ridges (Bohara et al., 2019). In our study, termite abundance
was low (Röder et al., 2017), and topography was similar
for grasslands and forests. Additionally, recurring fire events
in grasslands and savanna probably contributed to lower de-
composition rates in these vegetation types (Gerschlauer et
al., 2019).

4.7 Savanna and maize fields

Despite higher land-use intensity, decomposition rates were
higher in maize fields compared to savanna in the cold wet
season. This could have been a “home-field advantage”, due
to a decomposer community adapted to maize straw (Hunt et
al., 1988). However, Becker and Kuzyakov (2018) found the
same pattern in the same season and overall using buried tea
bags, which makes this explanation unconvincing. Instead,
the results of Pabst et al. (2016) suggest that microbial com-
munities in maize fields have a high substrate demand but
small nutrient use efficiency. And this high demand for eas-
ily available substrates resulted in an up to 2-fold increase
in glucose decomposition rates in maize fields compared to
savanna soils (Mganga and Kuzyakov, 2014). Available sub-
strate is rare, though, because most of the maize residues are
used as fodder or burned (Becker et al., 2015; Gerschlauer et
al., 2019). Therefore, fast decomposition is possible in maize
fields, if there is suitable substrate. And when soil moisture is
not limiting, nitrogen fertilization can further increase early
stage decomposition rates (Gill et al., 2021), which agrees
with our findings. In the warm wet season, some of the fields
were left bare, i.e. without crops, watering, and herbal under-
growth. This was probably the reason for lower decomposi-
tion rates in this season.

5 Conclusions

Our study showed that not all studied types of disturbance
had negative effects on litter decomposition. Instead, climate
was the major driver of decomposition in this study. Effects
of disturbance were dependent on the subset of analysed veg-
etation types and on the season. We found significantly lower
rates of decomposition in disturbed forests compared to nat-
ural forests along the elevation gradient, but only when we
did not include other vegetation types in the analyses. High
land-use intensity resulted in lower decomposition rates, but
only in the warm wet season, when decomposition rates were
overall lower than in the cold wet season. A drawback of this
study is the short duration of the decomposition experiments.
An experiment covering at least 1 full year would be desir-
able, but it would face severe logistic challenges, especially
in the managed vegetation types. We lost a high number of
bags to accidental or willful damage and to soil contamina-
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tion. Despite these challenges, our study provides litter de-
composition data for a large range of vegetation types in a
region that is still understudied. While there are decomposi-
tion studies along gradients of land-use intensity in the trop-
ics, there are few from the Afrotropics. This study is also
only the fourth litter decomposition study along an elevation
gradient in this region (Negash and Starr, 2021; Becker and
Kuzyakov, 2018; Mugendi and Nair, 1996). More studies are
needed to better understand changes in carbon cycling due
to climate change, deforestation, and land conversion in this
heterogenous mix of land-use types, with consequences for
soil fertility and productivity.

Appendix A

Table A1. Mean mass loss and decomposition rates per study site in the cold wet and in the warm wet season 2012. Decomposition rate
constant k was estimated as the slope of a log-linear regression of a single exponential model using all bags per site per season. Therefore,
there is only one value per site per season. Abbreviations of vegetation types: sav – savanna, mai – maize field, flm – lower montane forest,
hom – homegarden, gra – grassland, cof – coffee plantation, foc – Ocotea forest, fod – disturbed Ocotea forest, fpo – Podocarpus forest, fpd
– disturbed Podocarpus forest, fer – Erica forest, hel – Helichrysum community, Seasons: cw – cold wet, ww – warm wet. Collections: 1 –
after ca. 5 weeks, 2 – after ca. 10 weeks. MMT – mean monthly temperature, MMH – mean monthly humidity (for calculation see Table 1),
LUI – land-use intensity index (from Classen et al., 2015).

Site ID Elevation Season Collection Days No. MMT MMH LUI Mass loss Decomposition rate k

(m a.s.l.) bags (°C) (%) (%) (×10−3 d−1)

sav1 871 cw 1 43 3 23.6 76.2 0.240 24.6
sav1 871 cw 2 82 3 22.8 75.5 0.240 24.5 4.27
sav2 906 cw 1 44 2 24.9 69.2 0.316 14.0
sav2 906 cw 2 75 2 24.1 71.8 0.316 3.42 1.23
sav3 1153 cw 1 42 2 22.1 79.9 0.264 14.9
sav3 1153 cw 2 85 4 21.2 79.0 0.264 22.8 3.20
sav4 984 cw 2 85 3 23.1 73.7 0.120 11.3 1.46
sav5 951 cw 1 42 3 23.9 75.4 0.248 11.0
sav5 951 cw 2 85 2 22.9 74.4 0.248 23.4 3.07
sav1 871 ww 70 4 26.0 62.4 0.240 34.3 6.42
sav2 906 ww 70 4 25.2 62.9 0.316 7.20 1.11
sav3 1153 ww 70 5 22.9 70.0 0.264 17.5 2.76
sav4 984 ww 70 6 24.5 66.1 0.120 18.8 3.02
sav5 951 ww 70 4 24.2 66.6 0.248 26.8 4.54

mai1 1009 cw 1 44 1 22.9 77.2 0.688 32.7
mai1 1009 cw 2 83 3 22.3 78.6 0.688 34.6 8.31
mai2 866 cw 1 43 2 24.0 74.8 0.571 45.7
mai2 866 cw 2 82 1 23.2 73.8 0.571 56.6 13.1
mai3 886 cw 1 44 2 24.9 70.0 0.490 29.7
mai3 886 cw 2 75 1 24.1 72.7 0.490 29.3 6.20
mai4 960 cw 2 85 2 22.5 75.7 0.572 23.5 3.19
mai5 920 cw 1 42 1 22.8 75.8 0.451 0 0
mai2 866 ww 70 3 26.1 61.5 0.571 13.2 2.09
mai3 886 ww 70 6 25.1 64.2 0.490 23.6 3.92
mai5 920 ww 70 2 23.8 65.7 0.451 2.49 0.362
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Table A1. Continued.

Site ID Elevation Season Collection Days No. MMT MMH LUI Mass loss Decomposition rate k

(m a.s.l.) bags (°C) (%) (%) (×10−3 d−1)

flm1 1920 cw 1 42 3 16.2 90.5 0.153 37.9
flm1 1920 cw 2 76 1 15.5 92.8 0.153 48.8 10.1
flm2 1800 cw 1 42 3 15.3 95.6 0.103 32.1
flm2 1800 cw 2 83 3 14.4 95.8 0.103 49.1 8.50
flm3 1560 cw 1 39 3 16.9 93.9 0.112 35.2
flm3 1560 cw 2 71 3 16.1 94.4 0.112 38.0 8.14
flm4 1623 cw 1 39 3 16.9 94.2 0.0708 30.2
flm4 1623 cw 2 71 3 16.3 94.9 0.0708 43.2 8.31
flm6 2040 cw 1 44 3 15.2 90.1 0.140 25.1
flm6 2040 cw 2 75 3 14.8 91.9 0.140 39.3 6.71
flm1 1920 ww 70 6 16.0 86.7 0.153 33.1 5.79
flm3 1560 ww 70 7 16.9 89.7 0.112 33.8 6.01
flm4 1623 ww 70 5 17.3 86.6 0.0708 18.3 2.91

hom1 1647 cw 1 42 3 18.1 84.0 0.472 28.3
hom1 1647 cw 2 72 3 17.5 86.2 0.472 37.4 6.99
hom2 1169 cw 2 63 5 19.8 86.6 0.522 61.8 16.2
hom3 1788 cw 2 71 3 15.5 92.0 0.394 49.8 9.75
hom4 1275 cw 1 43 2 20.4 85.9 0.525 38.6
hom4 1275 cw 2 78 1 19.8 85.3 0.525 36.6 7.94
hom5 1560 cw 1 44 1 20.4 82.5 0.558 22.9
hom5 1560 cw 2 86 3 19.4 85.0 0.558 30.5 4.45
hom1 1647 ww 73 6 17.7 78.2 0.472 27.7 4.48
hom2 1169 ww 70 6 20.7 75.4 0.522 22.2 3.64
hom3 1788 ww 70 5 17.5 81.2 0.394 22.1 3.60
hom4 1275 ww 70 6 21.8 75.1 0.525 32.7 5.88
hom5 1560 ww 71 4 19.8 79.2 0.558 15.0 2.32

cof1 1306 cw 1 38 2 20.1 79.0 0.831 30.2
cof1 1306 cw 2 73 3 19.4 82.5 0.831 35.1 6.62
cof2 1345 cw 1 38 2 20.5 79.7 0.857 35.3
cof2 1345 cw 2 73 1 19.9 83.1 0.857 54.4 11.7
cof3 1305 cw 1 38 2 21.0 78.7 0.865 15.4
cof3 1305 cw 2 73 2 20.2 82.5 0.865 39.5 6.35
cof4 1124 cw 1 38 2 23.4 74.9 0.876 23.9
cof4 1124 cw 2 73 3 22.7 77.9 0.876 45.6 8.36
cof5 1648 cw 1 47 4 18.0 86.8 0.524 27.9 7.52
cof1 1306 ww 70 6 19.7 74.8 0.831 26.9 4.51
cof2 1345 ww 70 5 20.4 73.5 0.857 49.5 11.2
cof3 1305 ww 70 6 21.2 72.1 0.865 30.8 5.46
cof4 1124 ww 70 3 23.9 69.3 0.876 33.8 6.90
cof5 1648 ww 70 3 18.4 78.7 0.524 18.8 2.99

gra1 1660 cw 1 42 3 17.6 82.7 0.732 13.5
gra1 1660 cw 2 72 3 17.0 86.1 0.732 21.8 3.44
gra2 1748 cw 1 47 5 18.1 84.1 0.654 9.10 2.05
gra3 1485 cw 1 47 2 19.6 82.1 0.686 14.3 3.29
gra5 1303 cw 1 42 5 21.1 81.6 0.678 17.9 4.77
gra1 1660 ww 73 5 17.0 83.5 0.732 17.3 2.60
gra2 1748 ww 70 5 18.2 81.1 0.654 9.00 1.42
gra3 1485 ww 70 5 19.4 75.6 0.686 17.5 2.77
gra4 1312 ww 70 6 20.9 74.5 0.631 21.1 3.43
gra5 1303 ww 71 3 21.2 73.9 0.678 12.3 1.90
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Table A1. Continued.

Site ID Elevation Season Collection Days No. MMT MMH LUI Mass loss Decomposition rate k

(m a.s.l.) bags (°C) (%) (%) (×10−3 d−1)

foc1 2120 cw 2 72 4 12.1 92.7 0.0129 43.5 8.04
foc2 2260 cw 2 72 6 12.7 97.1 0.0117 40.5 7.28
foc3 2540 cw 1 53 2 10.3 94.2 0.00338 25.6
foc3 2540 cw 2 71 3 10.0 93.8 0.00338 23.7 4.29
foc4 2650 cw 1 53 3 10.6 89.3 0.000923 20.8
foc4 2650 cw 2 71 3 10.5 89.6 0.000923 21.5 3.82
foc5 2750 cw 1 36 2 9.71 96.9 0.000308 11.6
foc5 2750 cw 2 71 3 8.83 95.9 0.000308 38.4 6.40
foc1 2120 ww 84 6 14.3 86.1 0.0129 37.2 5.57
foc2 2260 ww 84 5 12.8 94.2 0.0117 48.8 8.03

fod1 2220 cw 1 50 3 12.3 95.2 0.0870 13.7
fod1 2220 cw 2 70 1 12.1 95.0 0.0870 35.0 4.24
fod2 2470 cw 1 34 2 10.6 97.0 0.0620 13.8
fod2 2470 cw 2 69 3 9.72 96.9 0.0620 35.7 6.17
fod3 2270 cw 2 71 6 12.6 97.6 0.0911 27.3 4.53
fod4 2560 cw 1 41 1 11.3 99.2 0.0934 41.4
fod4 2560 cw 2 70 3 10.6 98.7 0.0934 31.7 6.43
fod5 2370 cw 1 38 3 11.9 95.0 0.0991 22.3
fod5 2370 cw 2 67 2 11.2 94.1 0.0991 31.2 5.94

fpo1 2850 cw 2 73 5 9.61 93.5 0.00308 23.7 3.79
fpo2 2940 cw 1 35 4 8.72 91.2 0.000308 7.13
fpo2 2940 cw 2 70 3 8.11 89.6 0.000308 36.0 5.33
fpo3 2970 cw 1 36 3 8.59 94.6 0.000308 13.5
fpo3 2970 cw 2 72 1 7.98 92.1 0.000308 17.9 3.29
fpo4 2720 cw 2 71 6 9.93 95.7 0.000308 46.4 9.01
fpo5 2800 cw 1 40 3 10.3 93.0 0.00277 21.8
fpo5 2800 cw 2 70 3 9.73 92.6 0.00277 40.0 7.08
fpo1 2850 ww 84 6 10.0 87.5 0.00308 20.0 2.80

fpd1 3060 cw 1 51 3 7.80 96.1 0.237 5.60
fpd1 3060 cw 2 70 3 7.74 93.8 0.237 10.3 1.42
fpd2 2990 cw 1 35 3 8.76 93.9 0.217 7.14
fpd2 2990 cw 2 71 3 8.08 91.3 0.217 17.5 2.60
fpd3 2880 cw 2 71 6 9.66 95.7 0.222 23.3 3.82
fpd4 2820 cw 2 71 5 9.75 93.9 0.223 18.5 2.89
fpd5 2770 cw 1 41 2 10.9 89.5 0.195 11.3
fpd5 2770 cw 2 71 4 10.3 88.6 0.195 13.3 2.14

fer0 3880 cw 2 73 5 4.54 88.3 0.00554 9.52 1.39
fer1 3849 cw 1 50 3 4.41 84.9 0.00677 3.21
fer1 3849 cw 2 70 3 4.30 83.2 0.00677 2.96 0.506
fer4 3500 cw 1 51 3 6.77 87.4 0.0160 4.52
fer4 3500 cw 2 71 3 6.64 85.8 0.0160 3.74 0.666
fer0 3880 ww 67 6 5.04 81.1 0.00554 20.3 3.47

hel1 3880 cw 2 72 4 5.46 86.8 0 6.71 0.977
hel2 4190 cw 1 50 3 3.04 77.9 0.0117 4.87
hel2 4190 cw 2 70 3 3.14 71.8 0.0117 3.29 0.654
hel3 4240 cw 1 36 3 2.83 76.7 0.00154 2.88
hel3 4240 cw 2 72 2 1.60 73.0 0.00154 3.53 0.586
hel4 4390 cw 1 40 3 4.74 71.3 0 3.85
hel4 4390 cw 2 70 3 4.19 67.8 0 2.98 0.568
hel5 4550 cw 1 40 3 3.59 82.3 0 4.50
hel5 4550 cw 2 70 3 3.82 83.1 0 2.99 0.611
hel1 3880 ww 67 6 5.97 79.3 0 16.8 2.81

Web Ecol., 24, 11–33, 2024 https://doi.org/10.5194/we-24-11-2024



J. Röder et al.: Disturbance can slow down litter decomposition 25

Table A2. ANOVA results for pairs of vegetation types at four elevation levels. CI – 95 % confidence interval.

Df Sum of squares Mean squares F value P value

Disturbance 1 0.0156 0.0156 0.0962 0.759
Elevation level 3 4.40 1.47 9.05 < 0.001
Disturbance–elevation level 3 3.98 1.33 8.18 < 0.001
Residuals 31 5.02 0.162

Tukey HSD post hoc test
Disturbance difference lower CI upper CI adj. p value
disturbed–natural 0.04 −0.223 0.303 0.759

Elevation level difference lower CI upper CI adj. p value

1− 4 0.0530 −0.449 0.555 0.992
3− 4 0.432 −0.0566 0.921 0.0981
2− 4 0.832 0.343 1.32 < 0.001
3− 1 0.379 −0.123 0.881 0.192
2− 1 0.779 0.277 1.28 0.00111
2− 3 0.400 −0.089 0.888 0.140

Disturbance–elevation level difference lower CI upper CI adj. p value

disturbed:4–natural:1 0.0294 −0.797 0.856 1
natural:4–natural:1 0.806 −0.0206 1.63 0.0602
disturbed:3–natural:1 0.819 −0.00747 1.65 0.0535
natural:3–natural:1 0.880 0.0539 1.71 0.0303
disturbed:1–natural:1 1.05 0.177 1.93 0.00996
disturbed:2–natural:1 1.25 0.423 2.08 < 0.001
natural:2–natural:1 1.25 0.423 2.08 < 0.001
natural:4–disturbed:4 0.776 −0.0501 1.6 0.0778
disturbed:3–disturbed:4 0.79 −0.0369 1.62 0.0694
natural:3–disturbed:4 0.851 0.0244 1.68 0.0400
disturbed:1–disturbed:4 1.02 0.148 1.9 0.0132
disturbed:2–disturbed:4 1.22 0.393 2.05 < 0.001
natural:2–disturbed:4 1.22 0.394 2.05 < 0.001
disturbed:3–natural:4 0.0132 −0.813 0.840 1
natural:3–natural:4 0.0745 −0.752 0.901 1
disturbed:1–natural:4 0.248 −0.629 1.12 0.982
disturbed:2–natural:4 0.443 −0.383 1.27 0.661
natural:2–natural:4 0.444 −0.383 1.27 0.661
natural:3–disturbed:3 0.0613 −0.765 0.888 1
disturbed:1–disturbed:3 0.235 −0.642 1.11 0.987
disturbed:2–disturbed:3 0.43 −0.396 1.26 0.693
natural:2–disturbed:3 0.43 −0.396 1.26 0.693
disturbed:1–natural:3 0.174 −0.703 1.05 0.998
disturbed:2–natural:3 0.369 −0.458 1.2 0.827
natural:2–natural:3 0.369 −0.457 1.2 0.827
disturbed:2–disturbed:1 0.195 −0.681 1.07 0.996
natural:2–disturbed:1 0.195 −0.681 1.07 0.996
natural:2–disturbed:2 0.000182 −0.826 0.827 1
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Table A3. ANOVA results for pairs of forest types at three elevation levels. CI – 95 % confidence interval.

Df Sum of squares Mean squares F value P value

Disturbance 1 0.585 0.585 5.01 0.0347
Elevation level 2 3.46 1.73 14.8 < 0.001
Disturbance–elevation level 2 0.931 0.466 3.99 0.032
Residuals 24 2.8 0.117

Tukey HSD post hoc test
Disturbance difference lower CI upper CI adj. p value
natural–disturbed 0.279 0.0218 0.537 0.0347

Elevation level difference lower CI upper CI adj. p value
3− 4 0.432 0.0504 0.814 0.0244
2− 4 0.832 0.450 1.21 < 0.001
2− 3 0.400 0.018 0.781 0.0389

Disturbance–elevation level difference lower CI upper CI adj. p value

natural:4–disturbed:4 0.776 0.108 1.44 0.0163
disturbed:3–disturbed:4 0.79 0.121 1.46 0.0141
natural:3–disturbed:4 0.851 0.183 1.52 0.00721
disturbed:2–disturbed:4 1.22 0.552 1.89 < 0.001
natural:2–disturbed:4 1.22 0.552 1.89 < 0.001
disturbed:3–natural:4 0.0132 −0.655 0.681 1
natural:3–natural:4 0.0745 −0.594 0.743 0.999
disturbed:2–natural:4 0.443 −0.225 1.11 0.345
natural:2–natural:4 0.444 −0.225 1.11 0.344
natural:3–disturbed:3 0.0613 −0.607 0.73 1
disturbed:2–disturbed:3 0.43 −0.238 1.1 0.376
natural:2–disturbed:3 0.43 −0.238 1.1 0.376
disturbed:2–natural:3 0.369 −0.299 1.04 0.541
natural:2–natural:3 0.369 −0.299 1.04 0.54
natural:2–disturbed:2 0.000182 −0.668 0.668 1

Table A4. ANOVA results for the four vegetation types along the land-use gradient in the cold wet season (March–May 2012). CI – 95 %
confidence interval.

Land-use gradient – cold wet season Df Sum of squares Mean squares F value P value

Vegetation type 3 2.69 0.896 8.53 0.00152
Residuals 15 1.58 0.105

Tukey HSD post hoc test
Vegetation type difference lower CI upper CI adj. p value

cof–gra 0.891 0.264 1.52 0.00472
hom–gra 0.937 0.310 1.56 0.00311
flm–gra 0.937 0.310 1.56 0.00310
hom–cof 0.0462 −0.545 0.637 0.996
flm–cof 0.0464 −0.544 0.637 0.996
flm–hom 0.000182 −0.591 0.591 1

Web Ecol., 24, 11–33, 2024 https://doi.org/10.5194/we-24-11-2024



J. Röder et al.: Disturbance can slow down litter decomposition 27

Table A5. ANOVA results for the four vegetation types along the land-use gradient in the warm wet season (September–December 2012).
CI – 95 % confidence interval.

Land-use gradient – warm wet season Df Sum of squares Mean squares F value P value

Vegetation type 3 2.12 0.707 4.42 0.0219
Residuals 14 2.24 0.16

Tukey HSD post hoc test

Vegetation type difference lower CI upper CI adj. p value

hom–gra 0.496 −0.239 1.23 0.248
flm–gra 0.698 −0.151 1.55 0.125
cof–gra 0.888 0.153 1.62 0.0161
flm–hom 0.202 −0.647 1.05 0.899
cof–hom 0.392 −0.343 1.13 0.436
cof–flm 0.19 −0.659 1.04 0.913

Table A6. ANOVA results for the lower six vegetation types comparing decomposition rates in the cold wet season and in the warm wet
season. CI – 95 % confidence interval.

Df Sum of squares Mean squares F value P value

Season 1 3.86 3.86 12.5 < 0.001
Elevation level 1 3.4 3.4 11 0.00174
Vegetation type 4 4.7 1.18 3.81 0.00914
Residuals 47 14.5 0.308

Tukey HSD post hoc test
Season difference lower CI upper CI adj. p value
Cold wet – warm wet 0.535 0.231 0.839 < 0.001

Elevation level difference lower CI upper CI adj. p value

2− 1 0.54 0.213 0.867 0.00175

Vegetation type difference lower CI upper CI adj. p value

sav–gra 0.512 −0.245 1.27 0.353
hom–gra 0.705 −0.0526 1.46 0.0815
mai–gra 0.733 −0.0982 1.56 0.113
flm–gra 0.81 0.00894 1.61 0.0461
cof–gra 0.878 0.12 1.64 0.0146
hom–sav 0.193 −0.545 0.93 0.97
mai–sav 0.221 −0.592 1.03 0.965
flm–sav 0.298 −0.484 1.08 0.866
cof–sav 0.366 −0.372 1.1 0.682
mai–hom 0.0277 −0.785 0.84 1
flm–hom 0.105 −0.677 0.887 0.999
cof–hom 0.173 −0.565 0.91 0.981
flm–mai 0.0774 −0.776 0.931 1
cof–mai 0.145 −0.668 0.958 0.995
cof–flm 0.0677 −0.715 0.85 1
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Figure A1. Overview of vegetation types, disturbance, and land-use intensity in the KiLi project study design. Blue box indicates natural
vegetation types along an elevation gradient of 3600 m. Light green box indicates four pairs of natural and disturbed vegetation types at four
different elevation levels. Dark green box indicates three pairs of natural and disturbed forest types at three different elevation level. Yellow
box indicates four vegetation types sorted by increasing land-use intensity at similar elevations. Pictures show one of three subplots fit with
litter bags on one of the study sites for each of the vegetation types. Inset with experimental design: litter bags were arranged in three subplots
per study site to cover site inherent heterogeneity. Transect lines T1 and T2 are parallel to the slope. Photographs by Juliane Röder.
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Figure A2. Mass loss per site per vegetation type for the first (34–53 d, left) and second (63–86 d, right, striped boxes) collection in the cold
wet season (March–May 2012). Numbers on top of the boxes indicate the number of sites considered per box. Blue boxes indicate natural
vegetation types; orange to red boxes indicate disturbed vegetation types. Vertical dashed lines separate six elevation levels, sorted from left
to right according to increasing elevation. Vegetation types within elevation levels are sorted from low to high land-use intensity from left to
right. Boxes show median and 25 %–75 % interval; whiskers extend to max. 1.5× of box length. Abbreviations: sav – savanna, mai – maize
field, flm – lower montane forest, hom – homegarden, gra – grassland, cof – coffee plantation, foc – Ocotea forest, fod – disturbed Ocotea
forest, fpo – Podocarpus forest, fpd – disturbed Podocarpus forest, fer – Erica forest, hel – Helichrysum community.
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