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Abstract 13 

Litterfall is one of the major pathways connecting above- and belowground processes. The 14 

effects of climate and land-use change on carbon (C) and nutrient inputs by litterfall are 15 

poorly known. We quantified and analyzed annual patterns of C and nutrient deposition via 16 

litterfall in natural forests and agroforestry systems along the unique elevation gradient of Mt. 17 

Kilimanjaro. 18 

Tree litter in three natural (lower montane, Ocotea and Podocarpus forests), two sustainably 19 

used (homegardens) and one intensively managed (shaded coffee plantation) ecosystems was 20 

collected on a biweekly basis from May 2012 to July 2013. Leaves, branches and remaining 21 

residues were separated and analyzed for C and nutrient contents. 22 

The annual pattern of litterfall was closely related to rainfall seasonality, exhibiting a large 23 

peak towards the end of the dry season (August – October). This peak decreased at higher 24 

elevations with decreasing rainfall seasonality. Macronutrients (N, P, K) in leaf litter 25 

increased at mid elevation (2100 m a.s.l.) and with land-use intensity. Carbon content and 26 

micronutrients (Al, Fe, Mn, Na) however, were unaffected or decreased with land-use 27 

intensity. 28 
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While leaf litterfall decreased with elevation, total annual input was independent of climate. 1 

Compared to natural forests, the nutrient cycles in agroforestry ecosystems were accelerated 2 

by fertilization and the associated changes in dominant tree species. 3 

 4 

1 Introduction 5 

With their high biodiversity and importance for the global carbon (C) cycle, tropical forests 6 

are often highlighted as ecosystems of specific research interest (Brown, 1993; Sayer et al., 7 

2011). Tropical forest ecosystems account for one third of the terrestrial net primary 8 

production (NPP) (Saugier et al., 2001) and contain more than half of the world’s terrestrial 9 

species (Groombridge and Jenkins, 2002). Tropical forests also act as a net sink for CO2 10 

(FAO, 2010) and contain roughly 25% of the terrestrial biosphere C (Bonan, 2008). 11 

Tree litterfall is one of the major pathways in C and nutrient cycles that connect above- and 12 

belowground processes (Vitousek and Sanford, 1986). As an important and regular source of 13 

nutrients and organic matter, litterfall has been well studied over the past decades (Vitousek, 14 

1984; Meier et al., 2005; Carnol and Bazgir, 2013). Nonetheless, litterfall varies considerably 15 

between ecosystems, depending on climate, tree species composition, stand structure and soil 16 

fertility (Vitousek and Sanford, 1986). Elevation is strongly affecting these parameters in 17 

montane ecosystems (Ensslin et al., 2015; Pabst et al., 2013) and is of particular importance 18 

regarding potential ecosystem shifts through climate change (Beniston, 2003). Therefore, the 19 

effect of elevation on litterfall is an important indicator for estimating future changes in 20 

ecosystem cycles. 21 

Land-use change affects numerous biological, chemical and physical factors as well as their 22 

interactions, leading to a high complexity and unpredictability of anthropogenic effects on 23 

ecosystem functions (Groffman et al., 2001). Especially the functioning of C and nutrient 24 

cycles under natural and disturbed conditions is important to assess the overall impact of 25 

anthropogenic land use on tropical forest ecosystems. As reviewed by Don et al. (2011), soil 26 

organic matter decreases up to 30% by converting tropical forests to agricultural systems. 27 

These effects might still be underrepresented in estimates of overall ecosystem C fluxes (de 28 

Blécourt et al., 2013). 29 

This underrepresentation is particularly relevant because deforestation and conversion to 30 

intensive agriculture are common transformations in tropical regions and are projected to 31 
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remain a major issue in the future (Lewis, 2006). Between 2000 and 2005, forest cover in 1 

Africa decreased by 11.5 million ha (Hansen et al., 2010) and this number is feared to further 2 

increase (UCS, 2011). The deforestation rate in Tanzania, for example, is already one of the 3 

largest in Africa (Fisher, 2010). In contrast to other tropical regions, it is mainly driven by 4 

small-scale farming for regional food production. Moreover, there was a considerable 5 

intensification of agricultural land use at Mt. Kilimanjaro within the last 50 years (Misana et 6 

al., 2012). 7 

Most of the recent research on nutrient cycling in tropical forest ecosystems has been 8 

conducted in the Neotropics and Southeast Asia (Zhou et al., 2006; Chave et al., 2010; 9 

Celentano et al., 2011; González-Rodríguez et al., 2011; Fontes et al., 2014; Vasconcelos et 10 

al., 2008), while African forests, especially montane rainforests in East Africa, have received 11 

much less attention (Schrumpf et al., 2006; Dawoe et al., 2010). Mt. Kilimanjaro offers the 12 

possibility to investigate nutrients cycles and litterfall along an elevation gradient were soils 13 

have a similar age and developed from the same parent material (Dawson, 1992). We are 14 

aware of only one study that published data on nutrient cycling with partial focus on litterfall 15 

in Mt. Kilimanjaro ecosystems (Schrumpf et al., 2006). Various studies in other ecosystems 16 

have shown that artificial nutrient addition accelerate nutrient cycles  (Allison and Vitousek, 17 

2004; Forrester et al., 2005; Homeier et al., 2012). It remains unclear how agricultural land 18 

use affects nutrient balances and its interrelation to litter quantity, quality and the above- and 19 

belowground element cycles in tropical (agro)ecosystems. 20 

Our primary objective was to assess the effect of climate and of agricultural land use on 21 

litterfall and nutrient and carbon cycles in the dominant ecosystems of Mt. Kilimanjaro. 22 

Therefore, we (1) collected the annual litter deposition and examined the litterfall dynamics 23 

throughout the year, (2) measured the annual C and nutrient return and (3) compared 24 

differences between natural and managed ecosystems and address implications for the 25 

ecosystem nutrient cycle. 26 

 27 

2 Methods 28 

2.1 Study site 29 

The study was conducted on the south-western slope of Mt. Kilimanjaro (3°4′33″S, 30 

37°21′12″E), Tanzania, along an elevation gradient from 1 275 to 2 850 m a.s.l. Our study was 31 
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part of the German Research Foundation Project: Kilimanjaro ecosystems under global 1 

change. This interdisciplinary project provided a number of long term research locations, 2 

plots, data and facilities along the south-western slope of Mt. Kilimanjaro. Six research sites 3 

were selected according to the joint study design. Each is representing either a typical tropical 4 

montane forest zone or a representative land-use class of the region (Table 1). Lower montane 5 

forest (FLM), Ocotea forest (FOC) and Podocarpus forest (FPO) are three natural sites 6 

located in Kilimanjaro National Park with minor anthropogenic impact. Nonetheless, illegal 7 

logging for firewood and building material may occur, especially in the lower FLM areas 8 

(Lambrechts et al., 2002; Rutten et al., 2015). The vegetation and zonation of these 9 

ecosystems was classified and described in detail by Hemp (2006a). Summarily, FLM is 10 

dominated by Macaranga kilimandscharica, Agauria salicifolia and partly Ocotea 11 

usambarensis, while at higher elevation Ocotea usambarensis prevails, accompanied by 12 

Cyathea manniana (FOC). The forest above 2 800 m a.s.l. is dominated by Podocarpus 13 

latifolius together with Prunus africana and Hagenia abyssinica (FPO). Two Chagga 14 

homegardens (HOMa, HOMb) represent a traditional form of sustainably managed 15 

agroforestry with sporadic organic fertilization with manure and household waste (Fernandes 16 

et al., 1986). Homegardens are m1500ultilayered agroforestry systems with Musa ssp. and 17 

Coffea ssp. as dominant crops under remnant forest trees (e.g. Albizia schimperiana, Cordia 18 

africana) and cultivated fruit trees (e.g. Persea Americana, Grevillea robusta)(Hemp, 2006b). 19 

Shaded coffee plantation (COF) represented an intensively managed land-use type with 20 

regular application of mineral fertilizers and pesticides. A detailed description of land-use 21 

history of Mt. Kilimanjaro was given by Pabst (2015) and further information on 22 

aboveground biomass and vegetation structure is available from Ensslin et al. (2015). 23 

The climate at Mt. Kilimanjaro is characterized by a bimodal rainfall regime with a short 24 

rainy season around November and a longer one from March to May (Hemp, 2006a). Mean 25 

annual precipitation (MAP) varies depending on elevation and exposition between 1 336 mm 26 

and about 3 000 mm per year (Table 1). Mean annual temperature (MAT) ranges from 9.8 °C 27 

to 20.9 °C and monthly means vary around ±3 °C. 28 

The comparison of ecosystems and litterfall on Mt. Kilimanjaro is especially beneficial 29 

because the soils have a similar age and developed from similar parent material over the last 30 

0.2 to 2.3 Mio years (Dawson, 1992). These parent materials are formed by volcanic rocks 31 

such as basalt, trachyte and olivine basalts. Soils are classified as Andosols with folic, histic 32 
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or umbric topsoil horizons with accordingly high C contents in the upper horizons (Zech 1 

2006), often underlain by C rich paleosol sequences (Zech et al., 2014). Water extractable and 2 

microbial biomass C increase with elevations and decrease with management intensity (Pabst 3 

et al., 2013). 4 

 5 

2.2 Sampling 6 

Within each ecosystem, 10 litter traps (1m², 1mm mesh size) were installed as replicates along 7 

two 100m transects (5 per transect). Due to the areal structure of one of the homegardens 8 

(HOMb), the number of litter traps had to be reduced and only five replicates could be 9 

installed. To exclude undergrowth, net heights were set between 20 and 100cm above ground. 10 

Between April 2012 and July 2013, litter was collected twice a month. 11 

Litter samples were oven-dried for one week at 60 °C and then weighed. Within the two-week 12 

sampling interval the weight loss by decomposition was presumed negligible. Litter was 13 

manually sorted into leaves, branches (<2 cm in diameter) and a rest fraction containing 14 

blossoms and fruits as well as unidentified materials. Wooden material >2 mm is too 15 

persistent to be evaluated within the timescale of our study and was thus excluded from 16 

analysis. Leaf litter samples were coarsely ground and stored in paper bags for further 17 

analysis. 18 

 19 

2.3 Analyses of carbon and nutrient contents 20 

We expected leaves to contain most of the litter nutrients (Yang et al., 2004). Therefore, 21 

nutrient analyses were limited to the leaf fraction. Leaf litter samples were bulked randomly 22 

and divided into two subsamples from five nets per time step. Nutrient content of leaf litter 23 

was analyzed from six sampling dates equally distributed over one year. In line with 24 

Celentano et al. (2011) we refrained from seasonal subdivision because most nutrients show 25 

low seasonal variation. A total number of 12 samples per ecosystem were fine ground and 26 

analyzed for C and nutrient contents. C and N contents were determined with a dry 27 

combustion automated C:N analyzer (Vario EL, Elementar). After a preparative pressure 28 

digestion, inductively coupled plasma optical emission spectrometry (ICP-OES, Spectro 29 

Analytical Instruments) was used to determine contents of major macro- (Ca, K, Mg, P, S) 30 
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and micro- (Al, Fe, Mn, Na) nutrients. All chemical analyses were conducted in the laboratory 1 

of the Department of Soil Science of Temperate Ecosystems, University of Göttingen. 2 

 3 

2.4 Calculations and statistical analyses 4 

Annual litter deposition per ecosystem was calculated as the average from nets over one year 5 

(June 2012 to May 2013). Monthly deposition rates were calculated assuming a constant 6 

amount per day for each sampling interval. For missing values we assumed a linear behavior 7 

of litterfall between the previous and the following date. Nutrient deposition was calculated as 8 

the product of annual leaf deposition and mean nutrient content. 9 

As our data do not meet the requirements for ANOVA and non-normal distribution must be 10 

assumed (Shapiro-Wilk test, p < 0.05), we applied non-parametric statistics. Significant 11 

differences were detected using the Kruskal-Wallis test with a Bonferroni correction at p-12 

level = 0.05 (Katz, 2006). The presented data are means of 5 to 10 replications ± standard 13 

error (SE). 14 

All statistical analyses were conducted in R 3.0.1 (R Core Team, 2013) using core and 15 

agricolae (Mendiburu, 2014) packages as well as the ggplot2 package for data visualization 16 

(Wickham, 2009). 17 

 18 

3 Results 19 

3.1 Annual amount of litterfall 20 

The annual amount of total litterfall was independent of land use and elevation, whereas the 21 

amount of leaf litter in natural forests decreased with elevation (Fig. 1). The total annual input 22 

varied from 4.6 Mg ha
-1

 in HOMa to 10.7 Mg ha
-1

 in HOMb. Accordingly, HOMb had a 23 

significantly higher total litterfall than HOMa as well as FOC and FPO. 24 

Total litterfall was dominated by the portion of leaves, contributing between 61% (FPO) and 25 

74% (HOMb). The annual value in FLM was significantly higher than in FPO (Fig. 1). 26 

Deposition of branches and rest were on the same level for all sites: each constituted less than 27 

30% of total litterfall. 28 

 29 
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3.2 Seasonal dynamics of litterfall 1 

The seasonal patterns of litterfall were the same for natural and agroforestry systems if 2 

compared on the closest elevation level. In forests at higher elevation the seasonality was less 3 

pronounced and the peak values shifted from the end of the dry season towards the rainy 4 

season (Fig. 2). 5 

Similar to the annual litterfall, changes in monthly litterfall were determined by the portion of 6 

leaves. Maximum values in homegardens, COF and FLM were recorded between the mid- 7 

and late dry season (Fig. 2). A second smaller peak appeared in the second rainy season 8 

around April. Within these peaks, monthly litterfall increased three- (HOMa) to nine-fold 9 

(COF) in agroforestry systems. In natural forests, peaks increased about 350% in FLM, 300% 10 

in FOC and 450% in FPO. In FOC and FPO the first peak was delayed until November or 11 

December and was extended because litterfall rates remained high in the short dry season 12 

between January and March. Litterfall maxima within the year were positively related to 13 

elevation (Fig. 3). Deposition patterns of branches were independent of seasons, and peaks 14 

occurred erratically (Fig. 2). The deposition of the rest fraction did not follow pronounced 15 

dynamics but the peaks tended to increase during the rainy seasons. 16 

 17 

3.3 Nutrient contents and deposition 18 

Agroforestry systems showed higher macronutrient content and deposition rates than natural 19 

forests (Table 2). With increasing elevation in the natural forests, nine of eleven analyzed 20 

nutrients followed a hump-shaped pattern with the highest content in FOC (2120 m a.s.l.) and 21 

lower contents in FLM (1920 m a.s.l.) and FPO (2850 m a.s.l.) (Appendix Table A1). 22 

The N, P, and S contents in leaves under agricultural land use were significantly higher 23 

compared to those in natural forests (Fig. 4; Appendix). Potassium was enriched in the leaf 24 

litter of managed ecosystems (7.4 to 15.8 mg g
-1

) versus most natural forests (3.1 to 7.2 mg g
-

25 

1
). The contents of C, Al, Mg, Fe, and Ca were independent of land use. Due to the similar C 26 

and the increased N content, the C:N ratio was significantly lower in managed ecosystems. It 27 

ranged from 16.9 (± 0.6) to 20.4 (± 0.6) in agroforestry systems and from 32.1 (± 0.4) to 28 

44.9 (± 0.5) in natural forests. Na and Mn contents were lower under agricultural land use 29 

(Table 2). 30 
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The effect of land use on the annual nutrient deposition was buffered by the amount of 1 

litterfall, but remained present. HOMb had the highest C and nutrient deposition (except for 2 

Mn and Na) via litterfall compared to all other ecosystems (Table 2). The coffee plantation 3 

also had significantly higher N, P, K, Fe, and Ca deposition than all natural forests. Due to 4 

minimal litterfall in HOMa the annual nutrient deposition was low despite high concentrations 5 

in leaves. The deposition of most macronutrients in HOMa was still higher or on the same 6 

level as in natural forests. The Al and Na deposition was unaffected by land-use intensity. 7 

Annual Mn deposition was significantly higher in natural forests than in managed sites. 8 

 9 

4 Discussion 10 

4.1 Litterfall characteristics 11 

The amounts of litterfall in Mt. Kilimanjaro ecosystems were within the common range for 12 

tropical mountain forests and followed a pronounced seasonality dependent on climatic 13 

variations. The annual leaf litterfall (4.6-10.7 Mg ha
-1

) was also within the same range as at 14 

various other tropical sites (Chave et al., 2010; Zhang et al., 2014). A previous study at Mt. 15 

Kilimanjaro found similar amounts of fine litterfall (7.5 Mg ha
-1

) at an elevation of 2250 to 16 

2350 m. a.s.l. (Schrumpf et al., 2006). Lisanework and Michelsen (1994) reported annual fine 17 

litter production ranging from 5.0 Mg ha
-1

 to 6.5 Mg ha
-1

 in tree plantations and 10.9 Mg ha
-1

 in 18 

a natural forest in the Ethiopian highlands. Similar results were found for cacao plantations in 19 

lowland humid Ghana where total litter ranged from 5.0 Mg ha
-1

 to 10.4 Mg ha
-1

 (Dawoe et al., 20 

2010). The portion of leaf litter commonly varies between 60% and 90% (Lisanework and 21 

Michelsen, 1994; Schrumpf et al., 2006, Zhou et al., 2006; González-Rodríguez et al., 2011). 22 

Accordingly, leaf portions in Mt. Kilimanajro litterfall (60-75%) were at the lower end of 23 

tropical forest values. 24 

The factors affecting litterfall amounts are succession stage, tree age and dominant plant or 25 

tree species (Barlow et al., 2007; Celentano et al., 2011). Varying management practices and 26 

crops in homegardens may alter these factors. The heterogeneity of the traditional 27 

agroforestry systems explains the low annual litterfall in HOMa. Compared to HOMb, there 28 

were more banana plants (Musa ssp.) in HOMa, which were manually cut as a management 29 

practice and thus were not accounted for by our litter traps. 30 
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Litterfall peaks during the dry season are well documented in tropical forests and plantation 1 

systems and mainly reflect drought stress (Okeke and Omaliko, 1994; Barlow et al., 2007; 2 

Selva et al., 2007). A recent meta-analysis by Zhang et al. (2014) has shown that this 3 

connection is a characteristic feature of tropical ecosystems. Leaf aging, caused by 4 

photoinhibition, stomatal closure and subsequent leaf overheating, might lead to leaf shedding 5 

at the end of the dry season (Röderstein et al., 2005). As a side effect, trees are preparing for 6 

the upcoming season of highest net primary production. By contrast, the peaks during the 7 

rainy season are the result of strong winds and thunderstorms (Dawoe et al., 2010; González-8 

Rodríguez et al., 2011). This explains the observed increase in peaks of branch and rest 9 

deposition during wet months. 10 

 11 

4.2 Effects of elevation 12 

The Mt. Kilimanjaro forest ecosystems are characterized by the absence of a pronounced 13 

trend of total annual litterfall with elevation. When the leaf fraction was compared separately 14 

though, the annual deposition was significantly higher in FLM than in higher forests (FOC, 15 

FPO) (Fig. 1). Leaf litter production is considered to depend on temperature and thus 16 

decreases at higher elevations (Okeke and Omaliko, 1994; Zhou et al., 2006; Girardin et al., 17 

2010). Nonetheless, a series of other studies from various ecosystems also show no decrease 18 

with elevation (Röderstein et al., 2005; Köhler et al., 2008). Within our elevation range of 19 

~900 m in natural forests, the percentages of leaf litterfall were too small to determine a 20 

notable decrease of total litterfall with elevation. Sporadic sampling at higher elevations (data 21 

not shown) indicated that a litterfall decrease would become apparent in ecosystems above 22 

3000 m a.s.l. 23 

Seasonal variability of leaf litterfall in the natural forests on Mt. Kilimanjaro followed a U 24 

shaped pattern with increasing elevation (Fig. 2). In tropical montane forests, the seasonality 25 

of litterfall is generally low compared to tropical lowland forests (Chave et al. 2010). We 26 

observed the weakest seasonal variation in Ocotea forest in 2190 m a.s.l., featuring the 27 

highest annual precipitation and least varying soil moisture conditions (Table 1). At FPO 28 

(2850 m a.s.l.) seasonality increased again with lower MAP and an increasing temperature 29 

limitation. Litter production at higher elevation was distributed over the warmer period 30 

between October and May when canopy productivity is usually higher (Girardin et al., 2010). 31 
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This pattern is based on the dependency of litterfall seasonality on rainfall intensities as well 1 

as temperatures (Zhou et al., 2006; Chave et al., 2010). Changes of seasonality patterns 2 

occurred within 200 m elevation difference (FLM to FOC).  This suggests that elevation 3 

effects can easily overlay biome specific litterfall patterns and can contribute to the 4 

explanation of variabilities in large scale data (Zhang et al., 2014). 5 

We found no consistent effect of elevation on litter nutrient content within the agroforestry 6 

systems (Appendix A1). This indicates a strong overlay of elevation effects by land-use 7 

practices. This enables discussing the changes in contents along an elevation gradient only by 8 

comparing natural forests with each other. Carbon and most nutrient contents in leaf litter 9 

followed a hump-shaped pattern with elevation. This pattern is typical for other ecosystem 10 

properties along montane elevation gradients (Kluge et al., 2006; Mölg et al., 2009). It is also 11 

present for MAP at Mt. Kilimanjaro (Table 1) as well as for aboveground biomass (Ensslin et 12 

al., 2015). Pabst et al. (2013) reported hump-shaped soil moisture curves and mirroring 13 

patterns for soil pH from the same Kilimanjaro ecosystems. Both parameters control soil 14 

nutrient availability and they are without a doubt also key factors for variations of nutrient 15 

uptake by plants and consequently for the litter nutrient contents. 16 

 17 

4.3 Effects of land use 18 

The contents of most macronutrients in leaf litter of managed ecosystems were two to five 19 

times higher than in natural forests. This suggests that the chemical composition of leaf litter 20 

at Mt. Kilimanjaro was significantly altered by land use and the associated change of 21 

dominant plant or tree species. 22 

Especially for studying land-use effects it can be difficult to find adequate and comparable 23 

sites. At Mt. Kilimanjaro there is nearly no natural forest below and no land use above 1800 24 

m a.s.l. Given this limitation to our study design we will only discuss land-use effects that are 25 

significant when compared on the closest elevation levels (FLM and HOMb). According to 26 

Hemp (2006) Mt. Kilimanjaro exhibits a strong ecological zonation. FLM and HOMb are 27 

both located in the same altitudinal zone (i.e. lower montane) and were selected to represent 28 

the respective zone of natural species composition (Ensslin et al., 2015). Therefore, we 29 

assume low elevation related variability. This assumption is also supported by the similar 30 

litter peak seasonality in both ecosystems (Fig. 3) Several studies from the tropics focus on 31 
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nutrient contents in leaf litter of agricultural plantations (Beer, 1988; Dawoe et al., 2010), tree 1 

plantations (Sharma and Pande, 1989; Carnol and Bazgir, 2013) and natural forests (Dent et 2 

al., 2006; Lu and Liu, 2012). Some studies also compared tree plantations to natural forests 3 

(Lisanework and Michelsen, 1994; Celentano et al., 2011). However, the results vary 4 

considerably between study sites and are not directly comparable to each other. For example, 5 

the N content in litter is higher in Ethiopian natural forests than in tree plantations 6 

(Lisanework and Michelsen, 1994), while the opposite results were recorded from Costa 7 

Rican sites (Celentano et al., 2011). Independent from elevation, HOM and COF at Mt. 8 

Kilimanjaro had higher N contents and therefore lower C:N ratios in leaf litter than natural 9 

forests (Fig. 4). Nitrogen is a limiting factor in tropical montane forests (Vitousek, 1984; 10 

Fisher et al., 2013), and N-deprived plants usually have a high C:N ratio in litter (Chave et al., 11 

2010). We expect two processes to mitigate the natural N limitation. First, the introduction of 12 

crops such as Musa ssp. and Coffea ssp. affects the nutrient content of vegetation and litter in 13 

general. Second, fertilization leads to higher N contents in plants and consequently in leaf 14 

litter (O'Connell and Grove, 1993). As a result the annual N deposition by litterfall in HOM 15 

and COF increased and N cycling in these ecosystems was enhanced. This is well in line with 16 

Zech et al. (2011), who found evidence for accelerated N-cycling in the cultivated areas of 17 

Mt. Kilimanjaro. Fertilization with N and P also increases the content of other macronutrients 18 

in leaf litter (O'Connell and Grove, 1993). This corresponds to our findings because the 19 

content of most macronutrients in land-use ecosystems either increased or remained on the 20 

same level compared to the natural forests. Specific micronutrient fertilization can be ruled 21 

out in homegardens (Fernandes et al., 1986). Consequently, micronutrients were either 22 

unaffected (Al, Fe) or decreased under managed conditions (Mn, Na). 23 

 24 

4.4 Implications for ecosystem cycles 25 

The effects of land use and elevation on litterfall and nutrient contents also lead to two 26 

specific implications for C and nutrient cycles at the ecosystem level. The first implication 27 

can be drawn from the seasonal dynamics of litterfall. Litterfall peaks at the end of the dry 28 

season promote an accumulation of particulate organic matter on the surface soil. This 29 

accumulation entails increased microbial activity and mobilization of C and nutrients during 30 

the following wet season (Sayer et al., 2007; Blagodatskaya et al., 2009). Several studies 31 

reported a peak in freshly mobilized C and nutrients in the early wet season, increasing the 32 
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possibility of leaching or translocation to deeper soil layers (Qiu et al., 2005; Pabst et al., 1 

2013). As a consequence, an increased nutrient deposition via litterfall might not necessarily 2 

result in higher nutrient availability, but may actually increase nutrient losses. The 3 

investigated agricultural ecosystems at Mt. Kilimanjaro experience distinct climatic 4 

seasonality and accumulate large amounts of litter at the end of dry season. This implies that 5 

the nutrient cycles in these ecosystems are especially vulnerable to changes in vegetation 6 

structure and species composition. 7 

The altered nutrient deposition rates lead to the second implication regarding turnover rates 8 

and C losses from soils. There is ambiguous information on the effects of single nutrient 9 

addition and fertilization on the decomposition rates of leaf litter (Khan et al., 2007; Grandy 10 

et al., 2013). While N or P addition alone might delay nutrient mobilization, decomposition is 11 

generally accelerated by a higher macronutrient content (Allison and Vitousek, 2004; Debusk 12 

and Reddy, 2005). In addition, Debusk and Reddy (2005) postulated that this acceleration is 13 

independent of soil nutrient content. The abundant macronutrients in the litter of the 14 

investigated agricultural ecosystems therefore imply an accelerated C and nutrient turnover in 15 

the respective ecosystems. Easily available substrate is decomposed faster, and soil 16 

respiration (i.e. soil CO2 efflux) is generally higher in soils of intensively managed versus 17 

natural ecosystems at Mt. Kilimanjaro (Mganga and Kuzyakov, 2014). Together with tillage 18 

and crop removal, this explains the lower C and N stocks in the topsoil of agroforestry 19 

systems compared to natural forests at Mt. Kilimanjaro (Table 1). As a consequence, the 20 

conversion of natural forests to perennial plantations or homegardens probably represents a 21 

source of atmospheric CO2 despite their structural resemblance to natural forests. 22 

 23 

5 Conclusions 24 

At the southern slope of Mt. Kilimanjaro, the annual pattern of litterfall depends on seasonal 25 

climatic conditions. Seasonality at lower elevations leads to a distinct peak of litter production 26 

in the late dry season (August – October) that is less pronounced at higher elevations. Annual 27 

leaf litter production decreased at higher elevations due to lower temperatures and reduced 28 

primary production. Nonetheless, other litter components (branches and rest) mask this effect 29 

and total annual litterfall was independent of climate and land-use. 30 

Conversion of natural forests to sustainably or intensively used agroforestry systems leads to 31 

direct (change of dominant species) and indirect (increased nutrient uptake after fertilization) 32 
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enrichment of macronutrients in leaf litter. The change in litter quality reduces the C:N ratio, 1 

increases the C and nutrient turnover rates in soil and so, accelerates the ecosystem C and 2 

nutrient cycles. This is followed by decreased C stocks in agroecosystems, with consequences 3 

to their fertility and ecosystem vulnerability. This calls for considering these effects when 4 

addressing land-use change and evaluating the sustainability of agroforestry and plantation 5 

management. 6 

 7 

Appendix A 8 

Table A1. Nutrient content in leaf litter (± SE) from six ecosystems at Mt. Kilimanjaro, 9 

Tanzania. Superscript letters indicate significant differences between the sites (derived from 10 

Kruskal-Wallis Test; p-level ≤ 0.05). 11 

 Chagga 

homegarden 1(b) 

Chagga 

homegarden 4(a) 

Coffee 

plantation 

Forest lower 

montane 

Ocotea 

forest 

Podocarpus 

forest 

(%mass) 

C 49.82 ± 0.38
a
 47.36 ± 0.43

b
 47.97 ± 0.35

b
 47.88 ± 0.28

b
 49.09 ± 

0.41
a
 

48.75 ± 

0.62
ab

 

N 2.95 ± 0.14
a
 2.83 ± 0.11

a
 2.37 ± 0.10

b
 1.08 ± 0.08

d
 1.56 ± 0.07

c
 1.16 ± 0.08

d
 

C:N 17.09 ± 0.77
d
 16.85 ± 0.63

d
 20.40 ± 0.61

c
 44.93 ± 0.52

a
 32.10 ± 

0.40
b
 

42.30 ± 0.50
a
 

       

(mg g
-1

) 

Al 0.77 ± 0.12
ab

 0.94 ± 0.17
ab

 1.10 ± 0.18
ab

 0.43 ± 0.18
c
 1.36 ± 0.19

a
 0.74 ± 0.19

bc
 

Ca 7.95 ± 0.26
a
 17.77 ± 1.09

cd
 13.65 ± 1.80

a
 6.63 ± 2.00

d
 10.09 ± 

2.18
b
 

9.08 ± 1.88
bc

 

Fe 0.66 ± 0.11
a
 1.10 ± 0.29

a
 0.82 ± 0.29

a
 0.29 ± 0.30

b
 0.79 ± 0.30

a
 0.72 ± 0.29

b
 

K 15.83 ± 1.51
a
 7.36 ± 2.45

b
 12.87 ± 

2.78
ab

 

3.08 ± 3.12
c
 3.89 ± 3.09

c
 7.17 ± 2.29

b
 

Mg 1.99 ± 0.05
bc

 3.99 ± 0.24
a
 2.14 ± 0.34

bc
 1.86 ± 0.33

cd
 2.70 ± 0.41

a
 1.47 ± 0.38

d
 

Mn 0.11 ± 0.01
d
 0.12 ± 0.01

d
 0.21 ± 0.01

c
 0.52 ± 0.01

b
 0.67 ± 

0.01
ab

 

0.82 ± 0.01
a
 

Na 0.22 ± 0.04
b
 0.17 ± 0.04

b
 0.22 ± 0.03

b
 0.41 ± 0.03

a
 0.60 ± 0.03

a
 0.21 ± 0.03

b
 

P 1.37 ± 0.09
ab

 1.70 ± 0.07
a
 1.15 ± 0.05

b
 0.67 ± 0.05

c
 0.77 ± 0.09

c
 0.74 ± 0.15

c
 

S 1.98 ± 0.05
a
 1.68 ± 0.08

ab
 1.59 ± 0.09

b
 1.06 ± 0.10

cd
 1.19 ± 0.10

c
 0.89 ± 0.12

d
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Table 1. Land-use classification, topographic and climatic information and C and N stocks in 1 

0-10 cm soil depth of research plots on the southern slope of Mt. Kilimanjaro. 2 

Ecosystem Plot ID Land-use class Elevation MAP MAT 

2012 

Soil C Soil N 

   (m a.s.l.) (mm yr
-1

)
a
 (°C)

b
 (mg cm

-3
)

c
 (mg cm

-3
)

c
 

Chagga 

homegarden 

HOMa Agricultural, 

traditional 

1275 1336 20.9 24.7 2.1 

Coffee 

plantation 

COF Agricultural, 

intensive 

1305 1485 20.2 19.3 1.9 

Chagga 

homegarden 

HOMb Agricultural, 

traditional 

1647 2616 17.3 36.1 2.7 

Lower montane 

forest 

FLM Natural, 

disturbed 

1920 2378 15.3 45.8 3.1 

Ocotea forest FOC Natural  2120 2998 11.2 55.8 3.2 

Podocarpus 

forest 

FPO Natural  2850 1773 9.8 53.5 2.6 

a
 mean annual precipitation (Appelhans et al., 2014) 3 

b
 mean annual temperature in 2012 4 

c
 stocks in 0-10 cm soil depth (calculated from Pabst et al., 2013) 5 

6 
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Table 2. Annual nutrient deposition via leaf litterfall (Mean ± SE, kg ha
-1

 yr
-1

) from six 1 

ecosystems at Mt. Kilimanjaro. Superscript letters indicate significant differences between 2 

sites (Kruskal-Wallis Test; p-level ≤ 0.05). 3 

 Homegarden-a Coffee 

plantation 

Homegarden-b Forest lower 

montane 

Ocotea forest Podocarpus forest 

(kg ha-1 yr-1)     

C 1454.1 ± 294.5c 2230.8 ± 160.4ab 3948.2 ± 606.8a 2169.1 ± 71.1ab 1635.7 ± 134.1bc 1600.8 ± 176.2bc 

N 87.0 ± 17.6bc 110.3 ± 7.9ab 233.5 ± 35.9a 48.7 ± 1.6cd 51.9 ± 4.3cd 38.2 ± 4.2d 

Al 2.9 ± 0.6b 5.1 ± 0.4a 6.1 ± 0.9a 1.9 ± 0.1b 4.5 ± 0.4a 2.4 ± 0.3b 

Ca 54.6 ± 11.1ab 63.5 ± 4.6a 63.0 ± 9.7a 30.0 ± 1.0c 33.6 ± 2.8ab 29.8 ± 3.3c 

Fe 3.4 ± 0.7abc 3.8 ± 0.3ab 5.2 ± 0.8a 1.3 ± 0.0d 2.6 ± 0.2bc 2.4 ± 0.3c 

K 22.6 ± 4.6b 59.9 ± 4.3a 125.4 ± 19.3a 14.0 ± 0.5c 13.0 ± 1.1c 23.6 ± 2.6b 

Mg 12.2 ± 2.5ab 9.9 ± 0.7ab 15.8 ± 2.4a 8.4 ± 0.3bc 9.0 ± 0.7b 4.8 ± 0.5c 

Mn 0.4 ± 0.1c 1.0 ± 0.1bc 0.9 ± 0.1bc 2.3 ± 0.1a 2.2 ± 0.2a 2.7 ± 0.3a 

Na 0.5 ± 0.1c 1.0 ± 0.1b 1.7 ± 0.3a 1.9 ± 0.1a 2.0 ± 0.2a 0.7 ± 0.1bc 

P 5.2 ± 1.1ab 5.3 ± 0.4bc 10.9 ± 1.7a 3.0 ± 0.1cd 2.6 ± 0.2d 2.4 ± 0.3d 

S 5.2 ± 1.0b 7.4 ± 0.5a 15.7 ± 2.4a 4.8 ± 0.2b 4.0 ± 0.3bc 2.9 ± 0.3bc 

  4 
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 1 

 2 

Figure 1. Annual litterfall and its components (2012 to 2013) in Chagga homegardens (HOMa 3 

& HOMb), shaded coffee plantation (COF), lower montane forest (FLM), Ocotea forest 4 

(FOC) and Podocarpus forest (FPO). Error bars indicate standard errors for total amount with 5 

significance levels shown as small letters a-c (p ≤ 0.05). Letters in brackets (a-d) indicate 6 

significance levels for leaf fraction only.  7 
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Figure 2. Monthly litterfall from May 2012 to July 2013 in Chagga homegardens (HOM), 3 

shaded coffee plantation (COF), lower montane forest (FLM), Ocotea forest (FOC) and 4 

Podocarpus forest (FPO). Total litterfall (squares) is divided into leaves (diamonds), branches 5 

(triangles) and rest (circles). 10-year-mean of monthly precipitation (2000 to 2010, TRMM, 6 

http://pmm.nasa.gov) is indicated as bars. Standard errors (SE) are displayed by error bars.  7 
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Figure 3. Linear regression between elevation and month of highest leaf litterfall in six 3 

ecosystems of Mt. Kilimanjaro.  4 
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Figure 4. Contents of selected elements (C, N, P, Mn) in leaf litter from six ecosystems at Mt. 3 

Kilimanjaro. Medians, interquartile distances and extreme values are displayed as bold lines, 4 

boxes with whiskers and dots, respectively. Managed (left) and natural (right) ecosystems are 5 

separated by dashed line. 6 


