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Abstract: Megaherbivores play a central role in the evolution and functioning of ecosystems, yet 

ironically most studies targeting their role focus on ecosystems where their abundance has been 

greatly reduced. Through elephant foraging, nutrients that would be locked in leaves and stems, 

taking months or years to decay, are quickly liberated for use. In Kibale National Park, Uganda, we 

set up 10 pairs of plots (4 × 4 m), each pair was one treatment and one control, in 10 experimental 

sites in an area of old-growth forests.  After 1 year, we quantified growth (height and leaf number) 

and survival of young light-demanding (12 species) and shade-tolerant (19 species) plants (439 

stems in total). In general, the addition of elephant dung did not increase seedling growth, and it 

only increased the number of leaves in shade-tolerant plants with a large initial number of leaves. 

Researchers have speculated that the loss of elephants would shift the composition of African forests 

to slow-growing tree species. However, this is not supported by our finding that show some slow-

growing shade-tolerant plants grew more new leaves with additional nutrient input from elephant 

dung, a condition that would occur if elephant numbers increase. 
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INTRODUCTION 

Megaherbivores have been a central part of the Earth’s ecosystems since they started to take on their 

current forms (Malhi et al. 2016, Terborgh et al. 2016). Weighing a few hundred to a few thousand 

kilograms, these animals require large amounts of food. As such, megaherbivores create an 

important selective pressure on plant community diversity (Terborgh et al. 2016), life history 

(Grubb 1996) and nutrient cycling (McNaughton et al. 1997, Ripple et al. 2015, Smart et al. 1985). 

However, most studies targeting these issues are conducted in ecosystems where large megafauna 

are greatly reduced or have disappeared, which complicates interpretation. For example, humans 

eradicated most megaherbivores from the Americas over 10,000 years ago (Gill et al. 2009), which 

affected biogeochemical cycling and nutrient heterogeneity (Doughty et al. 2013, Ripple et al. 

2015).  

 Elephants species are one of the few remaining megaherbivores. However, forest elephant 

(Loxodonta cyclotis, Matschie, 1900) populations declined by 62% between 2002 and 2011, its 

population is now only 10% of what it was historically, and it occupies less than 25% of its original 

range (Maisels et al. 2013, Poulsen et al. 2017, Smith et al. 2015). Some classic studies document 

the elephant’s role in savanna grassland and woodland ecosystems (Dublin et al. 1990, Guldemond 

& Van Aarde 2008), but their role in forest ecosystems has not been thoroughly evaluated (but see 

Blake 2003, Blake et al. 2009, Breuer et al. 2016, Poulsen et al. 2018).  

 While the role of elephant species in forests as seed dispersers has received attention (Blake 

et al. 2009, Campos-Arceiz & Blake 2011), their role in nutrient recycling and seedling growth is 

not well known. In general, large animals are thought to play an important role in accelerating 

ecosystem biogeochemical cycling (McNaughton et al. 1997, Ripple et al. 2015). In savanna 

systems, they have been shown to encourage quick nutrient cycling through their foraging 

(McNaughton et al. 1997). Soils in tropical rain forests are usually poor, as nutrients are recycled 
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quickly back into plant materials (Sugihara et al. 2015). Plant growth can therefore be nutrient-

limited and the addition of nitrogen (N), phosphorus (P) and potassium (K) can increase seedling 

growth (Bloom et al. 1985, Santiago et al. 2012, Wright et al. 2011). For example, in a lowland 

tropical forest in Panama, the addition of K enhanced tissue nutrient concentration, increasing 

herbivory, reducing root-to-shoot biomass ratio, and increasing height growth, even under highly 

shaded conditions (Santiago et al. 2012). African elephants consume on average from 140-200 kg of 

food per day and produce about 40 kg of dung daily (Ruggiero 1992). Savanna elephant dung has 

been estimated to contain about 1.3% N, 0.2% P, and 0.6% K. Depending on elephant density, this 

means that elephant species potentially provide considerable amounts of fertilizer with appreciable 

levels of N, P, and K relative to soil levels (Dougall 1963; the appropriateness of such values from 

savanna to forest systems needs to be evaluated).  

 Our objective was to conduct a controlled plant growth experiment to examine the impact of 

elephant dung on the growth and survivorship of young plants in the field. However, different 

species have different growths patterns due to differential resource allocation (Marenco et al. 2001, 

Santiago et al. 2012, Zanne & Chapman 2005, Zanne et al. 2005) and recruitment strategies (Coley 

1983). An important distinction exists between light-demanding and shade-tolerant species: light-

demanding species are better adapted to recruit in gaps and are expected to use new resources 

mainly for above-ground growth, while shade-tolerant seedlings are expected to invest more in roots 

and defensive mechanism (e.g. repellents) (Grubb 1977, Richards 1996, Wright 2002). Furthermore, 

these different strategies might vary depending on the size of a plant (e.g. a small plant might invest 

more resources into growth, as opposed to maintenance than a larger one). To account for these 

expected differences in growth patterns, we tested for the effect of dung treatment on plant growth 

(height and number of leaves) and survival over 1 y dependent on the initial size and type of a plant 

(light-demanding vs. shade-tolerant).  
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METHODS 

Study site and experimental setup 

We conducted our study between April 2016 and May 2017 in Kibale National Park, Uganda (795 

km2). Kibale is a mid-altitude (920-1590 m), moist-evergreen forest that receives an annual rainfall 

of 1676 mm (1990 - 2016) in two rainy seasons (Chapman & Lambert 2000). Recently, elephant 

numbers have risen dramatically in Kibale, faster than possible through births alone, so there has 

likely been some migration into the park (Omeja et al. 2016). Elephant populations in Kibale 

comprise three distinct groups; savanna elephants, forest elephants, and hybrids between the two 

species (Mondol et al. 2015). Forest elephants have moved through Uganda in the past (Brooks & 

Buss 1962), but they have now settled in Kibale, possibly because movement through the 

humanized landscape is no longer possible and because social groups have been disrupted by 

poaching (Keigwin et al. 2016). 

 In April 2016, we set up 10 pairs of plots (4 × 4 m), each pair was one treatment and one 

control, in 10 experimental sites in an area of old-growth forests. The control plot was placed 15 m 

away in a random direction. Each pair of plots were separated by at least 40 m from one another and 

at least 10 m away from any trail, tree fall gap, or other type of disturbance. If the random direction 

chosen for the control plot was within 10 m of a trail, tree fall gap, or other type of disturbance, or if 

the slope or habitat type appeared different, we randomly selected a new direction. Dung from the 

previous night was collected and placed in the middle of each 1 × 1-m subplot in the 4 × 4 m 

experimental plots. The volume of a typical adult dung pile was estimated to be 7 l and a bucket of 

this volume was used in the collections.  At the time of collection, the elephants were not feeding on 

any large-seeded fruits, such as Balanites wilsoniana (Chapman et al. 1992), which would have 

made volumes inappropriate, nor did the dung contain any large branch segments. The amount of 
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dung placed in the plot was relatively large, as we wanted to ensure that any potential effects would 

be induced on the seedlings. 

 Within each 4 x 4-m plot, we selected 30 apparently healthy seedlings between 30 and 100 

cm (average height = 63.3 cm) on an ad hoc basis regardless of species. We measured seedling 

height from ground level (clearing fallen leaves) to the tip of the main stem and counted the number 

of leaves. We then placed and secured a labelled tag on the forest floor next to it to enable the same 

seedling to be found the next year. In May 2017, we returned to the plots, located the seedlings, 

remeasured their height, and recounted the number of leaves. If the seedling had died, this was noted 

and no measurements were made. 

 

Data analyses 

For the analysis of plant growth, we considered species either as light-demanding or shade-tolerant 

species (Table 1) (Hamilton 1991, Zanne & Chapman 2005, Zanne et al. 2005) and excluded all 

plants for which this was unknown. Furthermore, for the growth analysis, we excluded (1) all plants 

that died, (2) all plants that lost more than 2 cm because this is more likely explained by 

measurement error and damage to the plant (i.e. herbivory) than no growth, and (3) plants without 

leaves in the second year because these plants represented clear outliers of the model residuals. In 

total, we were able to include 439 plants. We included between 20 and 27 plants in each of the ten 

plots treated with elephant dung (mean ± SD = 22.3 ± 2.3) and between 12 and 26 plants in each of 

the control plots (mean ± SD = 21.6 ± 4.4). These 439 plants belonged to 31 species: 12 light-

demanding and 19 shade-tolerant species. Considering the distribution of different plant types across 

plots, we included 53 light-demanding and 170 shade-tolerant plants in the experimental plots, and 

48 light-demanding and 168 shade-tolerant plants were included in the control plots. 
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 The data set for the analysis of plant survival was slightly different. Here, we included plants 

that died, plants with ‘negative growth’, and plants that had no foliage in the second year because 

we were merely interested whether a plant survived between the two years. Furthermore, we 

included plants for which the plant type was unknown, which was not considered in the analysis of 

plant growth. In total, we included 574 plants of 32 species: 289 in the control plots, and 285 in the 

elephant-dung plots. For each of the ten plots treated with elephant dung, we included between 27 

and 30 plants (mean ± SD = 28.5 ± 0.97), and for each of the control plots between 26 and 30 plants 

(mean ± SD = 28.9 ± 1.37) 

 We computed mixed models to analyze whether and how the treatment of plants with 

elephant dung affected their growth depending on the type of the plant and the survival of plants in 

general. For growth, we used either height or leaves in 2017 as dependent variables 

(Measurement2017), and the treatment (control vs. dung) and type of plant (light vs. shade) as 

independent variables. Furthermore, we included either height or number of leaves in 2016 

(Measurement2016) as independent variable to control for differences between plants in initial 

size/number of leaves. Because one of our questions was whether treatment affected plant growth 

depending on species type, and whether this effect is dependent on the initial size/number of leaves 

of the plant, we tested for the effect of the three-way interaction Treatment:Type:Measurement2016. 

Accordingly, the structure of the full model was: 

Measurement2017  ~  Treatment + Type + Measurement2016 + 
Treatment:Type:Measurement2016 + 
Treatment:Type + Treatment:Measurement2016 + 
Type:Measurement2016 

 With regard to random effects, we included Species and Site as random intercepts and the 

random slopes Measurement2016|Site and Measurement2016|Species to account for differential growth 

rates of plant of different species and at different sites (e.g. because of differences in micro-climate 

or soil composition). 
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 We calculated all mixed models in R v.3.5.1 using the package lme4 v1.1-17 (Bates et al. 

2014). We built Gaussian linear mixed models for growth in height and leaves, and a binomial linear 

mixed model for the survival of plants using the lmer and glmer functions of the lme4 package v1.1-

17 (Bates et al. 2014) in R v.3.5.1 (R-Core-Team 2018). We used Maximum Likelihood (ML) rather 

than Restricted Maximum Likelihood (REML) to fit the models (Bolker et al. 2009). Although 

leaves represent a count variable, we did not use a Poisson regression because the number of leaves 

in the previous year was included as an independent variable. Thus, using such a model with a log-

link function would have assumed that the link between the two years is 

log(Leaves2017) ~ b*Leaves2016 with b the coefficient estimated by the linear model (all other terms 

were excluded to simplify the formula). We considered this as a less reasonable assumption than a 

linear relationship in the number of leaves between the two years. Before running the models, 

Height2017 and Leaves2017 were both cube-root transformed to improve the normality of the model 

residuals. We also cube-root transformed the same measurement from the year before (Height2016 

and Leaves2016) to maintain the direct relationships of these variables between the two years. 

Furthermore, we standardized Height2016 and Leaves2016 to a mean of 0 and SD of 1 to improve 

model convergence.  For the model testing for the effect of elephant dung on plant survival, we only 

included treatment but not type of the plant as independent variable because only a few plants died 

(23/574) and we did not have dead plants in all tested conditions.  

 

RESULTS 

We did not detect any effect of elephant dung on plant growth. The full model estimating the effect 

of the three-way interaction Treatment:Type:Height2016 on Height2017 was significantly better than 

the null model only including Height2016 as a fixed effect (X62 = 15.8, P < 0.05). However, the three-

way interaction had no significant effect on Height2016 (X12 = 1.5, P = 0.225). A further investigation 
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of the effect of elephant dung on plant growth excluding the three-way interaction (which tested for 

plant-size specific growth effects of experimental condition) revealed that only the interaction 

Type:Height2016 was significantly related to Height2017, but not the other two interactions 

(Treatment:Type and Treatment:Height2016) (Table 1). Thus, the only effect found was that light-

demanding species were growing faster than shade-tolerant species. 

 The addition of elephant dung affected the change in the number of leaves, but only for 

shade-tolerant species, and the direction and the size of this effect was dependent on the initial 

number of leaves. The full model estimating the effect of dung treatment on the change in number of 

leaves including the three-way interaction Treatment:Type:Leaves2016 was significantly better than 

the null model only comprising Leaves2016 as a fixed effect (X62 = 19.7, P < 0.01). Additional tests 

showed that the three-way interaction was significantly related to the number of leaves in 2017 

(Table 2, Model a). We divided the data into two subsets, one with only shade-tolerant species and 

the other with light-demanding species, and ran models on these two data sets. The results indicated 

there was only an effect of treatment on number of leaves with the size and direction of the effect 

depending on the initial number of leaves for shade-tolerant (Table 2, model b), but not for light-

demanding species (Table 2, model c).  

 Shade-tolerant plants treated with elephant dung and only a few leaves in the first year grew 

fewer leaves than control plants (Figure 1). For examples, plants with 10 leaves in the first year were 

predicted to have 12.5 leaves in the second year when treated with elephant dung, but 17.3 leaves 

when not treated with dung. Plants with approximately 50 leaves in the first year were predicted to 

show, on average, no change in leaf numbers independent of treatment. Plants with about 100 leaves 

in the first year and treated with dung were also predicted to show no change in average number of 

leaves, however, control plants lost on average 13.5 leaves. 
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 The addition of elephant dung significantly reduced the mortality of seedlings. Within the 

control plots 5.9% of the plants (17/ 289) died over the duration of the experiment, whereas only 

2.1% of the plants treated with elephant dung (6/285) died (GLMM: estimate of intercept with 95% 

CIs: -2.92 [-3.98, -2.19]; estimate of dung treatment with 95% CI: -1.03 [-2.08, -0.12]; X12 = 4.91, P 

< 0.05). 

 

DISCUSSION 

Elephants eat up to 200 kg d-1 (wet weight, Ruggiero 1992) and produce about 40 kg d-1 (dry 

weight) of dung (Rees 1982). In a single 4-km by 10 m transect in Kibale, we encounter up to 47 

fresh dung samples. Thus, through their foraging, nutrients that would be inaccessible for plants for 

years, quickly become available for use. Despite depositing large amounts of dung and counter to 

what we predicted, our results suggest its effect on seedlings is small and limited to an improved 

leaf growth for plants with already a large number of leaves. 

 There are a number of possible explanations for these findings. It could be that the increased 

N and P provided by the elephant dung are not needed by the plants (i.e. they are not nutrient 

limited). We view this as unlikely as the soils in the area are lixic ferralsols which are from 

geologically old parent materials and low in fertility and nutrients (Majaliwa et al. 2010, Rode et al. 

2003, 2006). In addition, seedlings receiving the nutrients found in red colobus (Piliocolobus 

tephrosceles, Elliot, 1907) dung did show a positive growth effect (Kalbitzer et al. 2019). Since we 

do not know the nutrient content of forest elephant dung, it is possible that the nutrients did not 

increase sufficiently to enhance growth, but given the amount of dung added, we think that this is 

unlikely as well. Possibly, the effects of nutrient addition might take longer than 1 y to detect. 

Studies of N and P enrichment to soils found an effect of plant growth in some systems, but the 

effect was not evident within a single growing season (Hatch et al. 2000). It is also possible that the 
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amount of dung added to the experimental plots over-fertilized the seedlings causing damage, which 

could explain the smaller increase in number of leaves for dung-treated plants with few leaves in the 

first year. Excessive manure application can cause problems, such as plant toxicity due to high salt 

content (Meek et al. 1974). However, given the low N and P content of dung relative to levels of 

fertilizer that farmers use, this seems unlikely as well. Furthermore, the survival of plants was higher 

in the plot receiving elephant dung relative to the control, reinforcing the fact that the area was not 

over-fertilized.  

 Poulsen et al. (2018) speculated that the loss of elephants would shift the composition of 

African forests to slow-growing tree species, because nitrogen supplementation has been proposed 

to shift community composition toward early-successional, fast-growing species (Tilman & Lehman 

2001). This speculation is supported by the observation that understorey species have a greater 

growth response to nitrogen addition when there is an increase in light availability (Thompson et al. 

1988), such as gaps often created by elephants opening up the vegetation (Poulsen et al. 2018). Our 

finding that shade-tolerant plants with a higher number of leaves and the addition of elephant dung 

fared better than control plants provides evidence in contradiction to the speculation of Poulsen et 

al.’s (2018).  However, because our effect was relatively small it is clear that more research needs to 

be conducted on a larger scale, including more frequent applications of dung, observations over 

several years, and the analysis of nutrients in the soil.  

 Forest elephant populations are being decimated across much of Central Africa (Maisels et 

al. 2013, Poulsen et al. 2017), while in a few protected forested areas, like Kibale, where they are 

likely seeking refuge, their numbers are increasing rapidly (Omeja et al. 2014). It is therefore critical 

that the scientific community provides information on their role in forest ecosystems as they are a 

clear example of ecosystem engineers (Chapman et al. 2013, Crain & Bertness 2006, Wright & 

Jones 2006). A next important step will be to more fully understand their role within forest 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  12 

 

ecosystems and how their density in different forests influences plant community dynamics, thus 

influencing forest regeneration and the population size of animals that depend on these tropical 

forests. 

 

ACKNOWLEDGEMENTS 

Funding for the research was provided by the IDRC grant “Climate change and increasing human-

wildlife conflict”. Permission to conduct this research was given by the Uganda Wildlife Authority. 

We thank Mike Lawes, John Poulsen and two anonymous reviewers for helpful comments on this 

project.  

 

LITERATURE CITED 

BATES, D., MÄCHLER, M., BOLKER, B. & WALKER, S. 2014. Fitting linear mixed-effects 

models using lme4. arXiv preprint arXiv:1406.5823. 

BLAKE, S. 2003. The ecology of forest elephant distribution and its implications for conservation. 

Ph.D. dissertation. University of Edinburgh. 

BLAKE, S., DEEM, S. L., MOSSIMBO, E., MAISELS, F. & WALSH, P. 2009. Forest elephants: 

tree planters of the Congo. Biotropica 41:459-468. 

BLOOM, A. J., CHAPIN III, F. S. & MOONEY, H. A. 1985. Resource limitation in plants-an 

economic analogy. Annual Review of Ecology and Systematics 16:363-392. 

BOLKER, B. M., BROOKS, M. E., CLARK, C. J., GEANGE, S. W., POULSEN, J. R., STEVENS, 

M. H. H. & WHITE, J.-S. S. 2009. Generalized linear mixed models: a practical guide for 

ecology and evolution. Trends in Ecology & Evolution 24:127-135. 

BREUER, T., MAISELS, F. & FISHLOCK, V. 2016. The consequences of poaching and 

anthropogenic change for forest elephants. Conservation Biology 30:1019-1026. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  13 

 

BROOKS, A. C. & BUSS, I. O. 1962. Past and present status of the elephant in Uganda. Journal of 

Wildlife Management 26:38-50. 

CAMPOS-ARCEIZ, A. & BLAKE, S. 2011. Megagardeners of the forest - the role of elephants in 

seed dispersal. Acta Oecologica 37:542-553. 

CHAPMAN, C. A. & LAMBERT, J. E. 2000. Habitat alteration and the conservation of African 

primates: case study of Kibale National Park, Uganda. American Journal of Primatology 

50:169-185. 

CHAPMAN, C. A., BONNELL, T. R., GOGARTEN, J. F., LAMBERT, J. E., OMEJA, P. A., 

TWINOMUGISHA, D., WASSERMAN, M. D. & ROTHMAN, J. M. 2013. Primates as 

ecosystem engineers. International Journal of Primatology 34:1-14. 

CHAPMAN, L. J., CHAPMAN, C. A. & WRANGHAM, R. W. 1992. Balanites-wilsoniana: 

Elephant dependent dispersal. Journal of Tropical Ecology 8:275-283. 

COLEY, P. 1983. Herbivory and defensive characteristics of tree species in a lowland tropical 

forest. Ecological Monographs 53:209-233. 

CRAIN, C. M. & BERTNESS, M. D. 2006. Ecosystem engineering across environmental gradients: 

implications for conservation and management. Bioscience 56:211-218. 

DOUGALL, H. 1963. On the chemical composition of elephant faeces. African Journal of Ecology 

1:123-123. 

DOUGHTY, C. E., WOLF, A. & MALHI, Y. 2013. The impact of large animal extinctions on 

nutrient fluxes in early river valley civilizations. Ecosphere 4:1-17. 

DUBLIN, H. T., SINCLAIR, A. R. E. & MCGLADE, J. 1990. Elephants and fire as causes of 

multiple stable states in the Serengeti Mara woodlands. Journal of Animal Ecology 59:1147-

1164. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  14 

 

GILL, J. L., WILLIAMS, J. W., JACKSON, S. T., LININGER, K. B. & ROBINSON, G. S. 2009. 

Pleistocene megafaunal collapse, novel plant communities, and enhanced fire regimes in 

North America. Science 326:1100-1103. 

GRUBB, P. J. 1977. The maintenance of species-richness in plant communities:  The importance of 

regeneration niche. Biology Review 52:107-145. 

GRUBB, P. J. 1996. Rainforest dynamics: the need for new paradigms. Pp. 215–233 in Edwards, D. 

S. (ed.). Tropical rainforest research – current issues. Kluwer, Dordrecht.  

GULDEMOND, R. & VAN AARDE, R. 2008. A meta-analysis of the impact of African elephants 

on savanna vegetation. Journal of Wildlife Management 72:892-899. 

HAMILTON, A. C. 1991. A field guide to Uganda forest trees. Makerere University Printery, 

Kampala. 276 pp. 

HATCH, D., LOVELL, R., ANTIL, R., JARVIS, S. & OWEN, P. 2000. Nitrogen mineralization 

and microbial activity in permanent pastures amended with nitrogen fertilizer or dung. Biology 

and Fertility of Soils 30:288-293. 

KALBITZER, U., MCINNIS, V. & CHAPMAN, C. A. 2019. Primates create seedling growth 

hotspots through pattern of dung deposition. Afr J Ecol. 2019;00:1–8. 

https://doi.org/10.1111/aje.12589 

KEIGWIN, M., WABUKAWO, V., WASSER, S. K. & CHAPMAN, C. A. 2016. Impacts on 

transboundary elephant movements between Queen Elizabeth National Park, Uganda and Park 

National des Virunga, Democratic Republic of Congo. Pachyderm 57:118-121. 

MAISELS, F., STRINDBERG, S., BLAKE, S., WITTEMYER, G., HART, J., WILLIAMSON, E. 

A., ABA’A, R., ABITSI, G., AMBAHE, R. D. & AMSINI, F. 2013. Devastating decline of 

forest elephants in Central Africa. PLOS One 8:e59469. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  15 

 

MAJALIWA, J., TWONGYIRWE, R., NYENJE, R., OLUKA, M., ONGOM, B., SIRIKE, J., 

MFITUMUKIZA, D., AZANGA, E., NATUMANYA, R. & MWERERA, R. 2010. The effect 

of land cover change on soil properties around Kibale National Park in South Western 

Uganda. Applied and Environmental Soil Science 2010. 

MALHI, Y., DOUGHTY, C. E., GALETTI, M., SMITH, F. A., SVENNING, J.-C. & TERBORGH, 

J. W. 2016. Megafauna and ecosystem function from the Pleistocene to the Anthropocene. 

Proceedings of the National Academy of Sciences 113:838-846. 

MARENCO, R. A., GONCALVES, J. F. D. & VIEIRA, G. 2001. Leaf gas exchange and 

carbohydrates in tropical trees differing in successional status in two light environments in 

central Amazonia. Tree Physiology 21:1311-1318. 

MCNAUGHTON, S., BANYIKWA, F. & MCNAUGHTON, M. 1997. Promotion of the cycling of 

diet-enhancing nutrients by African grazers. Science 278:1798-1800. 

MEEK, B., MACKENZIE, A., DONOVAN, T. & SPENCER, W. 1974. The effect of large 

applications of manure on movement of nitrate and carbon in an irrigated desert soil. Journal 

of Environmental Quality 3:253-258. 

MONDOL, S., MOLTKE, I., HART, J., KEIGWIN, M., BROWN, L., STEPHENS, M. & 

WASSER, S. K. 2015. New evidence for hybrid zones of forest and savanna elephants in 

Central and West Africa. Molecular Ecology 24:6134-6147. 

OMEJA, P. A., JACOB, A. L., LAWES, M. J., LWANGA, J. S., ROTHMAN, J. M., 

TUMWESIGYE, C. & CHAPMAN, C. A. 2014. Changes in elephant density affect forest 

composition and regeneration? Biotropica 46:704-711. 

OMEJA, P. A., LAWES, M. J., CORRIVEAU, A., VALENTA, K., SARKAR, D., PAIM, F. P. & 

CHAPMAN, C. A. 2016. Recovery of tree and mammal communities during large‐scale forest 

regeneration in Kibale National Park, Uganda. Biotropica 48:770-779. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  16 

 

POULSEN, J. R., KOERNER, S. E., MOORE, S., MEDJIBE, V. P., BLAKE, S., CLARK, C. J., 

AKOU, M. E., FAY, M., MEIER, A. & OKOUYI, J. 2017. Poaching empties critical Central 

African wilderness of forest elephants. Current Biology 27:R134-R135. 

POULSEN, J. R., ROSIN, C., MEIER, A., MILLS, E., NUNEZ, C., KOERNER, S. E., 

BLANCHARD, E., CALLEJAS, J., MOORE, S. & SOWERS, M. 2018. Ecological 

consequences of forest elephant declines for Afrotropical forests. Conservation Biology 

32:559-567. 

R-CORE-TEAM. 2018. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

REES, P. 1982. Gross assimilation efficiency and food passage time in the African elephant. African 

Journal of Ecology 20:193-198. 

RICHARDS, P. W. 1996. The tropical rain forest. (Second edition). Cambridge University Press, 

Cambridge. 575 pp. 

RIPPLE, W. J., NEWSOME, T. M., WOLF, C., DIRZO, R., EVERATT, K. T., GALETTI, M., 

HAYWARD, M. W., KERLEY, G. I., LEVI, T. & LINDSEY, P. A. 2015. Collapse of the 

world’s largest herbivores. Science Advances 1:e1400103. 

RODE, K. D., CHAPMAN, C. A., CHAPMAN, L. J. & MCDOWELL, L. R. 2003. Mineral 

resource availability and consumption by colobus in Kibale National Park, Uganda. 

International Journal of Primatology 24:541-573. 

RODE, K. D., CHIYO, P. I., CHAPMAN, C. A. & MCDOWELL, L. R. 2006. Nutritional ecology 

of elephants in Kibale National Park, Uganda, and its relationship with crop-raiding 

behaviour. Journal of Tropical Ecology 22:441-449. 

RUGGIERO, R. 1992. Seasonal forage utilization by elephants in central Africa. African Journal of 

Ecology 30:137-148. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  17 

 

SANTIAGO, L. S., WRIGHT, S. J., HARMS, K. E., YAVITT, J. B., KORINE, C., GARCIA, M. N. 

& TURNER, B. L. 2012. Tropical tree seedling growth responses to nitrogen, phosphorus and 

potassium addition. Journal of Ecology 100:309-316. 

SMART, N. O. E., HATTON, J. C. & SPENCE, D. H. N. 1985. The effect of long-term exclusion of 

large herbivores on vegetation in Murchison falls National Park, Uganda. Biological 

Conservation 33:229-245. 

SMITH, R. J., BIGGS, D., ST JOHN, F. A., SAS‐ROLFES, M.T. & BARRINGTON, R. 2015. 

Elephant conservation and corruption beyond the ivory trade. Conservation Biology 29:953-

956. 

SUGIHARA, S., SHIBATA, M., ZE, A. D. M., ARAKI, S. & FUNAKAWA, S. 2015. Effects of 

vegetation on soil microbial C, N, and P dynamics in a tropical forest and savanna of Central 

Africa. Applied Soil Ecology 87:91-98. 

TERBORGH, J., DAVENPORT, L., NIANGADOUMA, R., DIMOTO, E., MOUANDZA, J., 

SCHOLTZ, O. & JAEN, M. 2016. Megafaunal influences on tree recruitment in African 

equatorial forests. Ecography 39:180-186. 

THOMPSON, W. A., STOCKER, G. C. & KRIEDEMANN, P. E. 1988. Growth and photosynthetic 

response to light and nutrients of Flindersia brayleyana F Muell a rainforest tree with broad 

tolerance to sun and shade. Australian Journal of Plant Physiology 15:299–315. 

TILMAN, D. & LEHMAN, C. 2001. Human-caused environmental change: impacts on plant 

diversity and evolution. Proceedings of the National Academy of Sciences of the United States 

of America 98:5433-5440. 

WRIGHT, J. P. & JONES, C. G. 2006. The concept of organisms as ecosystem engineers ten years 

on: progress, limitations, and challenges. Bioscience 56:203-209. 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  18 

 

WRIGHT, S. J. 2002. Plant diversity in tropical forests: a review of mechanisms of species 

coexistence. Oecologia 130:1-14. 

WRIGHT, S. J., YAVITT, J. B., WURZBURGER, N., TURNER, B. L., TANNER, E. V. J., 

SAYER, E. J., SANTIAGO, L. S., KASPARI, M., HEDIN, L. O., HARMS, K. E., GARCIA, 

M. N. & CORRE, M. D. 2011. Potassium, phosphorus, or nitrogen limit root allocation, tree 

growth, or litter production in a lowland tropical forest. Ecology 92:1616-1625. 

ZANNE, A. E. & CHAPMAN, C. A. 2005. Diversity of woody species in forest, treefall gaps, and 

edge in Kibale National Park, Uganda. Plant Ecology 178:121-139. 

ZANNE, A. E., CHAPMAN, C. A. & KITAJIMA, K. 2005. Evolutionary and ecological correlates 

of early seedling morphology in East African trees and shrubs. American Journal of Botany 

92:972-978. 

 



Do elephants create hotspots for seedling growth  Kalbitzer et al.  19 

 

 

 

  95% CI   
Term Estimate Low High X12 P-value 
(Intercept) 4.032 3.975 4.090 - - 
Treatment (Elephant) 0.023 -0.046 0.092 - -* 
Type (Shade) 0.069 0.009 0.131 - -* 
Height2016 0.450 0.411 0.488 - -* 
Treatment (Elephant):Type (Shade) -0.049 -0.128 0.030 1.48   0.223   
Treatment (Elephant):Height2016 -0.019 -0.052 0.015 1.20 0.274   
Type (Shade):Height2016 -0.058 -0.097 -0.016 6.61 0.010 

 

Table 1: Results of a linear mixed model investigating the effects of elephant dung treatment and 

plant type on plant growth from 2016 to 2017.  The dependent variable was Height2017, and the 

independent variables included Height2016, Treatment (with the two levels ‘control condition’ and 

‘elephant dung condition’), Type (with the two levels light-demanding species and shade-tolerant 

species), and the three potential interactions between these variables. Height2017 and Height2016 were 

cube-root transformed before running the model. Additionally, standardized z-scores were 

calculated for !𝐻𝑒𝑖𝑔ℎ𝑡()*+
, 	 (original mean ± sd of !𝐻𝑒𝑖𝑔ℎ𝑡()*+

, 	= 3.91 ± 0.424 √cm, ). The 95% 

Confidence Intervals (CI) were calculated using the function confint.merMod (from the lme4 

package) using the profile method. *The P-values for these main effects are not reported because the 

interaction comprising this term is included in the model. Therefore, such P-values have only a 

limited interpretability and they are also not possible to calculate with a likelihood ratio test. 

 
 

 
 

   95% CI   
Model Term Estimate Low High X12 P-value 
Full data 
set 

(Intercept) 3.452 3.256 3.651 - - 
Treatment (Elephant) -0.287 -0.488 -0.085 - -* 
Type (Shade) -0.229 -0.479 0.006 - -* 
Height2016 0.801 0.636 0.933 - -* 
Treatment (Elephant): Type 
(Shade) 

0.191 -0.034 0.418 - -* 

Treatment (Elephant): 
Height2016 

-0.123 -0.287 0.041 - -* 
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Type (Shade):Height2016 -0.241 -0.386 -0.044 - -* 
Treatment (Elephant): Type 
(Shade): Height2016 

0.272 0.072 0.473 6.68 <0.01 

Shade-
tolerant 
species 

(Intercept) 3.273 3.093 3.438 - - 
Treatment (Elephant) -0.081 -0.183 0.021 - -* 
Height2016 0.497 0.399 0.600 - -* 
Treatment (Elephant): 
Height2016 

0.136 0.033 0.238 6.65 <0.01 

Light-
demanding 
species 

(Intercept) 3.170 2.986 3.360 - - 
Treatment (Elephant) -0.269 -0.459 -0.078 - - 
Height2016 1.035 0.797 1.243 - - 
Treatment (Elephant): 
Height2016 

-0.115 -0.330 0.101 1.11 0.291 

 
Table 2: Results of a linear mixed models with Leaves2017 as the response variable. The dependent 

variable Treatment had the two levels ‘control condition’ and ‘elephant dung condition’. The 

variable Type had the two levels light-demanding species and shade-tolerant species. Leaves2017 and 

Leaves2016 were cube-root transformed before running the model. Additionally, standardized z-

scores were calculated for !𝐿𝑒𝑎𝑣𝑒𝑠()*+
,  (original means ± sd of !𝐿𝑒𝑎𝑣𝑒𝑠()*+

, : model a = 3.02 ± 

0.758 √𝐿𝑒𝑎𝑣𝑒𝑠, ; model b = 3.10 ± 0.677 √𝐿𝑒𝑎𝑣𝑒𝑠, ; model c = 2.74 ± 0.934 √𝐿𝑒𝑎𝑣𝑒𝑠, ). The 95% 

Confidence Intervals (CI) were calculated using the function confint.merMod (from the lme4 

package) using the profile method. *See caption of Table 1 for an explanation 
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Figure Legends. 

 
 

 
 

Figure. 1: Changes in the number of leaves depending on the treatment and initial number of leaves 

for light-demanding plant species (a) and shade-tolerant plant species (b). The solid (control) and 

dashed (elephant dung treatment) lines illustrate the predictions for Leaves2017 from model a in 

Table 2. The dotted lines depict the bootstrapped 95% confidence intervals (n = 1000 bootstraps). 

The model was calculated with cube-root transformed Leaves2017 and Leaves2016 values, and 

!Leaves()*+
,  was scaled to a mean of 0 and SD of 1. However, to improve the interpretability of the 

plot Leaves2016 and Leaves2017 are shown on its original scale. Furthermore, five data points with 

more than 100 leaves in 2016 were excluded from the plot, three of which were for light-demanding 

species (Leaves2016 = 113, 152, and 274, and Leaves2017 = 225, 172, and 282, respectively) and two 

for shade-tolerant species (Leaves2016 = 106, 111, Leaves2017 = 192, 106, respectively). 

a) Light-demanding plant species b) Shade-tolerant plant species
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Table 1 
 
Species considered as light-demanding or shade-tolerant species, for the analysis of plant growth 
contrasting areas in Kibale National Park, Uganda, where elephant dung was added relative to 
controls (Hamilton 1991, Zanne & Chapman 2005, Zanne et al. 2005) 
 
 
  Species Functional group 
Annonaceae  
 Monodora myristica Light demanding 
 Uvariopsis congensis Shade tolerant 
Apocynaceae  
 Funtumia latifolia Shade tolerant 
 Pleiocarpa pycnantha Shade tolerant 
 Tabernamontana sp. Light demanding 
Balanitaceae  
 Balanites wilsoniana Not determined 
Bignoniaceae  
 Kigelia moosa Shade tolerant 
Celtidaceae  
 Celtis africana Light demanding 
Chrysobalanaceae  
 Paranari excelsa Not determined 
Ebenaceae  
 Diospyros abyssinica Light demanding 
Fabaceae  
 Newtonia buchananii Shade tolerant 
Flacourtiaceae  
 Dasylepis sp. Shade tolerant 
 Dovyalis macrocalyx Light demanding 
 Oncoba spinosa Not determined 
 Scolopia rhamnophylla Shade tolerant 
Guttiferae  
 Symphonia globulifera Not determined 
Loganiaceae  
 Strychnos mitis Shade tolerant 
Malvaceae  
 Leptonychia mildbraedii Shade tolerant 
Meliaceae  
 Lovoa swynnertonii Not determined 
Melianthaceae  
 Bersama abyssinica Not determined 
Moraceae  
 Antiaris toxicaria Light demanding 

 
Trilepisium 
madagascariense Shade tolerant 
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 Morus lactea Not determined 
Oleaceae  
 Linociera johnsonii Shade tolerant 
 Strombosia scheffleri Shade tolerant 
Pittosporaceae  
 Pittosporum mannii Not determined 
Rubiaceae  
 Coffea eugenioides Light demanding 
 Rothmannia urcelliformis Shade tolerant 
 Vangueria apiculata Shade tolerant 
Rutaceae  
 Clausena anisata Shade tolerant 
 Citropsis articulata Not determined 
 Fagaropsis angolensis Light demanding 
 Teclea nobilis Shade tolerant 
Sapindaceae  
 Aphania senegalensis Shade tolerant 
 Blighia sp. Light demanding 
 Lychodiscus cerospermus Shade tolerant 
 Pancovia turbinata Light demanding 
Sapotaceae  
 Aningeria altissima Shade tolerant 
 Chrysophyllum sp. Shade tolerant 
 Mimusops bagshawei Light demanding 
Ulmaceae  
  Chaetacme aristata Light demanding 

 


