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Summary 

 

Globally, tropical forests are highly productive ecosystems and play a critical role in 

sequestering anthropogenic carbon dioxide (CO2) from the atmosphere, accounting for up to half 

of the terrestrial biosphereôs carbon sink. For reasons not yet fully reconciled, there are indications 

that the carbon sink strength of these forests is slowly declining, thereby decreasing the buffering 

capacity that these forests offer in mitigating global climate change. It is recognized that ecosystem 

nutrient limitations play an important regulatory role in plant growth, therein affecting ecosystem 

carbon assimilation and specifically net primary production (NPP). Furthermore, the direction and 

magnitude of these limitations are poorly understood, especially in understudied African tropical 

forests, on highly weathered soils. This dissertation consists of three studies (Chapters 2ī4) aimed 

at elucidating the mechanistic roles of nitrogen (N), phosphorus (P), potassium (K) and their 

interactions on different components of NPP (tree stem growth, fine litter production, foliar 

chemistry, and fine root production) and plant-available soil nutrients. Following a full factorial 

design, we established 32 (eight treatments × four replicates) experimental plots of 40 m × 40 m 

each in a semi-deciduous tropical forest in northwestern Uganda. We added N, P, K, their 

combinations (N+P, N+K, P+K, and N+P+K) and control at the rates of 125 kg N haī1 yrī1, 50 kg 

P haī1 yrī1 and 50 kg K haī1 yrī1, split into four equal applications.  

In our first study, we measured tree growth responses among different tree sizes, taxonomic 

species, leaf habits, and at the community level to nutrient additions. After two years, the response 

of tree stem growth to nutrient additions was dependent on tree sizes, species, and leaf habit but 

not community-wide. First, tree stem growth increased under N additions, primarily among 

medium-sized trees (10ī30 cm DBH) and in trees of Lasiodiscus mildbraedii in the second year 

of the experiment. Second, K limitation was evident in semi-deciduous trees, which increased stem 

growth by 46 % in +K than ïK treatments, following a strong, prolonged dry season during the 

first year of the experiment. This highlights the key role of K in stomatal regulation and 

maintenance of water balance in trees, particularly under water-stressed conditions. Third, the role 

of P in promoting tree growth and carbon accumulation rates in this forest on highly weathered 

soils was rather not pronounced. Our results underscore the fact that, in a highly diverse forest 

ecosystem, multiple nutrients and not one single nutrient regulate tree growth and aboveground 

carbon uptake due to varying nutrient requirements and acquisition strategies of different tree 

sizes, species and leaf habits.  



VII  

 

For our second study, we assessed the effect of the nutrient additions on fine litter 

production and foliar quality. To do this, we placed four-leaf litter collectors (0.75 m × 0.75 m in 

size) at random locations in each experimental plot, emptied them for dry mass determination 

every two weeks for three consecutive years (May 2018īApril 2021). Our data suggest that: (1) 

Although annual fine litter production was not significantly affected by nutrient additions in the 

short-term (3 years), an observed trend towards higher annual fine-litter production in the N 

addition plots may become stronger with continued nutrient additions. (2) Following a prolonged 

dry season in the first year of the experiment, leaf litterfall reduced significantly with P and K 

additions. This observed effects of K in leaf litterfall corroborate the increased stem growth among 

semi-deciduous trees in our first study and highlights the roles of K as well as P in maintaining 

water balance in trees, thereby ensuring stress tolerance during water-deficit conditions. (3) Both 

leaf litter and foliar nutrient contents were affected by the elevated availability of all three nutrients 

in both positive and negative directions but varied considerably among different tree species. Even 

though the long-term effects of nutrient perturbation on this ecosystem are yet to be known, the 

concept of multiple nutrients rather than a single nutrient regulation of litter production and foliar 

quality was supported in this second study. 

Our third study evaluated the effects of nutrient additions on below-ground processes 

including fine root biomass production and plant available soil nutrients. First, we quantified fine 

root biomass (0ī10 cm soil depth) at the end of the first and second years of the experiment by 

excavating soil monoliths (20 cm × 20 cm) at six random locations within each plot. Next, fine 

root production in the top 30 cm soil depth was estimated using the sequential coring technique. 

We found that the addition of N reduced fine root biomass by 35% after the first year of the 

experiment whereas K addition was associated with reduced fine root production, suggestive of an 

alleviated N and K limitation in this site as found in our first study. This rapid reduction in fine 

root biomass in the N and K treatments supports the idea that trees will scale back their energy-

intensive root network or production when they have adequate resources available. Additionally, 

nutrient additions resulted in a cascade of biochemical responses in the soil nutrient availability. 

Specifically, (1) Net N mineralization and nitrification rates were enhanced by the interaction 

effects of all three nutrients (N × P × K), highlighting the complementary roles of these nutrients 

in regulating plant and soil processes in this species-rich ecosystem. (2)  Microbial biomass C 

increased with P additions but was dependent on the season (Wet or dry). Lastly, P additions 
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increased plant-available P by 80%. This large increase indicates high P availability and explains 

the lack of plant growth response to P additions (as shown in our first study).  

Overall, this dissertation provides credence to the concept of multiple nutrients 

(co)regulation of NPP and other ecosystem processes; further substantiating the growing pool of 

evidence that productivity in tropical forests does not follow Liebigôs Law of the Minimum. 

Instead, resource and nutrient requirements (and their limitations) vary in different ecological 

processes or components of NPP in this forest, ranging from tree growth (N and K), leaf litterfall 

(P and K), root biomass, and production (N and K). These observations are indeed consistent with 

the multiple resource limitation theory. Considering that most large-scale experimental research 

to date has focused only on the roles of N and P availability in limiting plant productivity, our data 

show that other nutrients, specifically K, can be equally important in the functional and 

biochemical roles related to ecosystem carbon uptake. More such research is undoubtedly needed 

particularly for the African tropical region, which is the least researched worldwide. 
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Zusammenfassung 

Tropische Wälder sind weltweit hochproduktive Ökosysteme. Sie spielen eine 

entscheidende Rolle bei der Bindung von anthropogenem Kohlenstoffdioxid (CO2) aus der 

Atmosphäre und machen bis zur Hälfte der Kohlenstoffsenke der terrestrischen Biosphäre aus. Es 

gibt Anzeichen dafür, dass diese Kohlenstoffsenkenfunktion langsam abnimmt und damit die 

Pufferkapazität, die diese Wälder zur Abschwächung des Klimawandels beitragen. Es ist bekannt, 

dass Nährstofflimitierungen in Ökosystemen eine wichtige Rolle bei der Regulierung des 

Pflanzenwachstums spielen und damit die Kohlenstoffassimilation im Ökosystem, insbesondere 

die Nettoprimärproduktion (NPP) beeinflussen. Die Richtung und das Ausmaß dieser 

Limitierungen sind nur unzureichend bekannt, speziell in den wenig untersuchten afrikanischen 

Tropenwäldern auf stark verwitterten Böden. Diese Dissertation besteht aus drei Studien (Kapitel 

2-4), die darauf abzielen, die mechanistische Rolle von Stickstoff (N), Phosphor (P), Kalium (K) 

und deren Wechselwirkungen auf verschiedene Komponenten der Nettoprimärproduktion 

(Stammwachstum, Produktion von Feinstreu, Blattchemie und Feinwurzelproduktion) und 

pflanzenverfügbare Bodennährstoffe zu klären. Nach einem vollfaktoriellen Versuchsplan legten 

wir 32 (acht Behandlungen × vier Wiederholungen) Versuchsparzellen von je 40 m × 40 m in 

einem halb-laubabwerfend tropischen Wald im Nordwesten Ugandas an. Wir fügten N, P, K und 

ihre Kombinationen (N+P, N+K, P+K und N+P+K) sowie die Kontrolle in den Mengen von 125 

kg N ha-1 a-1, 50 kg P ha-1 a-1 und 50 kg K ha-1 a-1 zu, aufgeteilt in vier gleiche Anwendungen.  

In unserer ersten Studie untersuchen wir die Reaktion des Baumwachstums auf 

Nährstoffzugaben bei verschiedenen Baumgrößen, taxonomischen Arten, Blattwuchsformen und 

auf Bestandesebene. Nach zwei Jahren war die Reaktion des Stammwachstums auf die 

Nährstoffzugabe abhängig von der Baumgröße, -art und der Blattwuchsstellung, jedoch nicht auf 

der Bestandesebene. (1) Das Stammwachstum nahm unter N-Zugabe zu, vor allem bei 

mittelgroßen Bäumen (10ī30 cm DBH) und bei Bäumen von Lasiodiscus mildbraedii im zweiten 

Jahr des Experiments. (2) Es zeigte sich eine K-Limitierung bei Laubbäumen, deren 

Stammwachstum bei +K-Behandlungen um 46 % höher war als bei īK-Behandlungen, nachdem 

im ersten Versuchsjahr eine starke, langanhaltende Trockenzeit herrschte. Dies unterstreicht die 

Schlüsselrolle von K bei der Regulierung der Stomata und des Wasserhaushalts von Bäumen, 

insbesondere unter Trockenstressbedingungen. (3) Die Rolle von P bei der Förderung des 

Baumwachstums und der Kohlenstoffakkumulationsraten in diesem Wald auf stark verwitterten 

Böden war eher unauffällig. Unsere Ergebnisse unterstreichen die Tatsache, dass in einem 
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hochdiversen Waldökosystem mehrere Nährstoffe und nicht nur ein einziger Nährstoff das 

Baumwachstum und die oberirdische Kohlenstoffaufnahme regulieren. Dies ist auf die 

unterschiedlichen Nährstoffanforderungen und Aufnahmestrategien der verschiedenen 

Baumgrößen, Arten und Blattformen zurückzuführen.  

In unserer zweiten Studie untersuchten wir die Auswirkungen der Nährstoffzugaben auf 

die Produktion von Feinstreu und die Streuqualität. Zu diesem Zweck haben wir an zufälligen 

Stellen in jeder Versuchsparzelle vier Streusammler (0,75 m × 0,75 m groß) aufgestellt, die in drei 

aufeinanderfolgenden Jahren (Mai 2018-April 2021) alle zwei Wochen zur Bestimmung der 

Trockenmasse geleert wurden. Unsere Daten legen nahe, dass: (1) Obwohl die jährliche 

Feinstreuproduktion kurzfristig (3 Jahre) nicht signifikant durch die Nährstoffzugabe beeinflusst 

wurde, könnte sich der beobachtete Trend zu einer höheren jährlichen Feinstreuproduktion in den 

Parzellen mit N-Zugabe bei fortgesetzter Nährstoffzugabe verstärken. (2) Nach einer längeren 

Trockenzeit im ersten Versuchsjahr ging der Blattstreufall durch P- und K-Zugaben deutlich 

zurück. Diese beobachteten Auswirkungen von K auf den Blattstreufall bestätigen das verstärkte 

Stammwachstum der Laubbäume in unserer ersten Studie. Außerdem unterstreichen sie die Rolle 

von K und P bei der Regulierung des Wasserhaushalts der Bäume unter 

Trockenstressbedingungen. (3) Sowohl die Blattstreu als auch die Blattnährstoffgehalte wurden 

durch die erhöhte Verfügbarkeit aller drei Nährstoffe sowohl in positiver als auch in negativer 

Richtung beeinflusst, variierten jedoch erheblich zwischen den verschiedenen Baumarten. Auch 

wenn die langfristigen Auswirkungen der Nährstoffstörung auf dieses Ökosystem noch nicht 

bekannt sind, wurde in dieser zweiten Studie das Konzept der Regulierung der Streuproduktion 

und der Blattqualität durch mehrere Nährstoffe anstelle eines einzelnen Nährstoffs bestätigt. 

In der dritten Studie wurden die Auswirkungen der Nährstoffzugabe auf unterirdische 

Prozesse wie die Produktion von Feinwurzelbiomasse und pflanzenverfügbare Bodennährstoffe 

untersucht. Zunächst wurde die Feinwurzelbiomasse (0ī10 cm Bodentiefe) am Ende des ersten 

und zweiten Versuchsjahres durch Ausheben von Bodenmonolithen (20 cm × 20 cm) an sechs 

zufälligen Stellen innerhalb jeder Parzelle quantifiziert. Anschließend wurde die 

Feinwurzelproduktion in den obersten 30 cm Bodentiefe mithilfe der sequenziellen 

Entkernungstechnik geschätzt. Wir stellten fest, dass die Zugabe von Stickstoff die 

Feinwurzelbiomasse nach dem ersten Versuchsjahr um 35 % verringerte. Die Zugabe von K mit 

ging ebenfalls einer verringerten Feinwurzelproduktion einher. Dies deutet auf eine geringere N- 

und K-Limitierung an diesem Standort hin, wie sie bereits in unserer ersten Studie festgestellt 
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wurde. Dieser rasche Rückgang der Feinwurzelbiomasse bei den N- und K-Zugaben unterstützt 

die Idee, dass Bäume ihr energieintensives Wurzelgeflecht bzw. -produktion zurückfahren, wenn 

sie über ausreichende Ressourcen verfügen. Darüber hinaus führten die Nährstoffzugaben zu einer 

Kaskade von biochemischen Reaktionen auf die Nährstoffverfügbarkeit im Boden. Im Einzelnen: 

(1) Die Netto-N-Mineralisierung und Nitrifikationsraten wurden durch die Interaktionseffekte 

aller drei Nährstoffe (N × P × K) erhöht, was die komplementäre Rolle dieser Nährstoffe bei der 

Regulierung von Pflanzen- und Bodenprozessen in diesem artenreichen Ökosystem verdeutlicht. 

(2) Die mikrobielle Biomasse C nahm mit der P-Zugabe zu, war jedoch abhängig von der 

Jahreszeit (Regen- oder Trockenzeit). Schließlich erhöhte sich durch die P-Zugabe der 

pflanzenverfügbare P-Gehalt um 80 %. Dieser starke Anstieg deutet auf eine hohe P-Verfügbarkeit 

hin und erklärt die fehlende Reaktion des Pflanzenwachstums auf P-Zugaben (wie in unserer ersten 

Studie gezeigt). 

Insgesamt verdeutlicht diese Dissertation das Konzept der (Ko-)Regulierung der NPP und 

anderer Ökosystemprozesse durch mehrere Nährstoffe und bestärkt die zunehmende Zahl von 

Belegen dafür, dass die Produktivität in tropischen Wäldern nicht dem Liebigschen 

Minimumgesetz folgt. Stattdessen variieren die Ressourcen- und Nährstoffanforderungen (und 

ihre Grenzen) bei verschiedenen ökologischen Prozessen oder Komponenten der NPP in diesem 

Wald, angefangen beim Baumwachstum (N und K), dem Laubstreufall (P und K) bis hin zur 

Wurzelbiomasse und -produktion (N und K). Diese Beobachtungen stehen in der Tat im Einklang 

mit der Theorie der mehrfachen Ressourcenbegrenzung. In Anbetracht der Tatsache, dass sich die 

meisten groß angelegten experimentellen Untersuchungen bisher nur auf die Rolle der N- und P-

Verfügbarkeit bei der Begrenzung der Pflanzenproduktivität konzentriert haben, zeigen unsere 

Daten, dass andere Nährstoffe, insbesondere K, für die funktionellen und biochemischen Aufgaben 

im Zusammenhang mit der Kohlenstoffaufnahme im Ökosystem ebenso wichtig sein können. 

Zweifellos sind weitere Forschungsarbeiten dieser Art erforderlich, insbesondere für die tropische 

Region Afrikas, die weltweit am wenigsten erforscht ist. 
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Dissertation Outline 

 

This dissertation consists of five chapters aimed at revealing the nature of nutrient limitation and 

identity of nutrients potentially limiting ecosystem productivity and processes by measuring the 

ecosystemôs responses to elevated nutrient inputs. Chapter 1 provides a brief overview of the 

concepts of nutrient limitations (core theme of this dissertation) in tropical forest ecosystems and 

approaches to assessing them. Furthermore, the justification, objectives and hypotheses of this 

research are presented here along with general methodologies common to all studies within this 

dissertation (site description, experimental design, and an introduction to the statistical method 

used). The individual studies (chapters 2ī4) address questions related to different compartments 

of the forest ecosystem (aboveground i.e. stem and canopy, and belowground i.e. roots and soil 

nutrients). Chapter 2 investigates whether or not nutrients limit stem growth in the entire tree 

community or subgroups within the community (e.g. small trees or N-fixing trees). Chapter 3 

explores how nutrient availability regulates fine litterfall and foliar chemistry in the tree canopy. 

Chapter 4 examines the effects of nutrient availability on fine root production and plant available 

nutrients in the soil. In Chapter 5, NPP is estimated based on data presented in chapters 2ī4 and 

compared to NPPs from other tropical forests. The responses of the ecosystem to the addition of 

different nutrients (N, P and K) are discussed and a revisit to the term ónutrient limitationô in the 

context of our results (chapters 2ī4), nutrient manipulation experiments and the pervasiveness of 

its use in literature is made.  
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1.1 Resource limitations of net primary production in tropical forest 

Net primary production (NPP), which refers to the amount of carbon that is fixed from 

atmospheric carbon dioxide (CO2) into new organic matter (per unit area and per unit time) is 

fundamental to all life on Earth (Saugier et al. 2001). In terrestrial ecosystems, NPP is composed 

of several components, including above-ground wood productivity, leaf production, below-ground 

wood productivity, fine root production but also the production of root exudates and volatile 

organic carbon compounds (Saugier et al. 2001, Malhi et al. 2011). Under increasing 

anthropogenic CO2 emissions, sustained NPP is critical in reducing and eventually stabilizing CO2 

concentrations in the atmosphere (IPCC 2007). Tropical forests play a crucial role in this respect, 

regulating the exchange of water, carbon and nutrients between the atmosphere and the terrestrial 

biosphere. Tropical forests store approximately 55% (471 ± 93 Pg C) of the worldôs forest carbon 

pool compared to the 32% (272 ± 23 Pg C) in boreal and 14% (119 ± 6 Pg C) in temperate forests 

(Pan et al. 2011); nearly one-third of the worldôs soil carbon  (Jobbágy and Jackson 2000) and 30 

to 50% of terrestrial productivity (Field et al. 1998, Phillips et al. 1998). Whereas higher 

atmospheric CO2 concentrations can improve plant growth through ñCO2 fertilizationò, ecosystem 

productivity may be capped by other resource limitations (Beedlow et al. 2004).  

The growth of all plants is contingent on the availability of water, light and nutrients as 

essential resources (Coley et al. 1985). Resource constraints on plant life have long been studied 

in agricultural production to prevent food insecurity (Naylor 1996). An increase in unsustainable 

agricultural production methods in the past and industrial activities have led to climate change and 

transformations of biogeochemical cycles throughout the biosphere. How the Earthôs ecosystems 

will respond in future, in part, depend on our improved understanding of resource limitations not 

only of agricultural systems but in natural ecosystems too. Unlike agricultural ecosystems or other 
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biomes, tropical forests are generally unique for their high local diversity in species and structural 

composition (John et al. 2007). Consequently, and at any given time, this diversity can result in 

uneven availability, distribution and accessibility of the essential resources required for primary 

productivity. In recent years, there has been a growing concern that the sink strength of tropical 

forests is declining (Brienen et al. 2015, Hubau et al. 2020, Maia et al. 2020, Rammig and Lapola 

I 2021). This potentially indicates that these forests are either constrained by essential resources 

or becoming carbon saturated. Meanwhile, it is widely recognized that ecosystem nutrient 

limitations play a critical regulatory role in plant growth, therein affecting ecosystem carbon 

assimilation and NPP (Vitousek and Farrington 1997, Porder et al. 2007, Wright et al. 2011, 

Powers et al. 2015, Wright 2019). How much carbon tropical forests will be able to store and 

sequester in the future remains highly uncertain. This uncertainty is in large part due to our limited 

understanding of how nutrients control NPP in tropical forests (Oren et al. 2006, Gerber et al. 

2013, Hedin 2015). Understanding the factors or resources that limit tree growth in these highly 

productive forests is necessary to predict future changes in terrestrial carbon stocks and possible 

future threats to these ecosystems. 

1.2 The concepts of nutrient limitation in tropical forests 

 

Nutrient limitation, as an organizing principle in contemporary biogeochemistry, 

originated from 19th-century agricultural chemistry (Perakis 2002). According to Vitousek (2010), 

nutrient limitations occur when meaningful inputs of essential elements in biologically available 

forms cause an increase in the rate of a biological process (e.g. primary productivity) and/or in the 

size of an important ecosystem compartment (e.g. biomass).  Gibson (1971), on the other hand, 

defined (nutrient) limitation in three succinct ways: (1) When an organism is not growing as fast 

as it is theoretically able to grow then it is limited. (2) When a factor or nutrient is in short supply 
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such that no growth is possible, that factor or nutrient is believed to be limiting growth. Analogous 

to these two is (3) if no effect on growth is observed when a factor or nutrient is increased then the 

factor or nutrient is not limiting growth. Although the growth of individual organisms, net primary 

production of ecosystems, and net ecosystem production (NEP) are all potentially being limited 

by nutrients (Howarth 1988), ñnutrient limitationò in this dissertation is applied only to the scales 

of individual plant growths or net primary production and its related ecological processes. It 

excludes NEP response to nutrient additions, which conforms with the above definitions and other 

synthesized literature (Vitousek and Howarth 1991, LeBauer and Treseder 2008, Elser et al. 2007).  

Two working concepts are often associated with nutrient limitation studies: First, the single 

ñLiebigsò concept or the Liebigs law of the minimum. Indeed, it is one of the early landmark 

theories of plant nutrition and soil fertility, which has held the view, that the scarcest nutrient 

controls the productivity of any given ecosystem. In recent years, however, the application of this 

theory in natural (tropical) forest ecosystems, which are inherently diverse and complex, have been 

questioned, presented new hypothesis and attracted increasing research attention (Mirmanto et al. 

1999, Elser et al. 2007, Kaspari et al. 2008, Vitousek et al. 2010, Cleveland et al. 2011, Wright et 

al. 2011, Waring et al. 2019, Du et al. 2020). This new hypothesis represents the second concept 

called multiple nutrient co-limitation or the ñnon-Liebigò concept. It postulates that different 

ecosystem or growth processes may be limited by different nutrients resulting in simultaneous 

multiple co-limitations of plant growth (Kaspari and Powers 2016). Possible mechanisms 

supporting these co-limitations of NPP include (1) positive interactions or synergy in resource use 

and supply, for instance, when one nutrient stimulates the mineralization of another (Rietra et al. 

2017). (2) substitution of chemical compounds e.g. the use of sulfolipids or galactolipids in place 

of phospholipids in cellular membranes (Lambers et al. 2012). (3) Physiological plant processes 
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e.g. adjustments of root/shoot allocations (Bloom et al. 1985). And (4) limitation of different 

functional groups or species by different nutrients within one ecosystem e.g. non N-fixers limited 

by N whilst N fixers are limited by P (Vitousek et al. 2010). 

Furthermore, the productivity of tropical forests underlain by highly weathered soils have 

been widely recognised to be P limited (Walker and Syers 1976, Vitousek 1984, Vitousek and 

Sanford 1986, Crews et al. 1995, Vitousek and Farrington 1997, Elser et al. 2007, Vitousek et al 

2010, Turner et al. 2018). Reasons underpinning this recognition are: First, the low availability of 

P in tropical soils triggered by the fixing of soil P to iron (Fe) and aluminium (Al) oxides and 

hydroxides, which in turn becomes occluded or inaccessible to plant uptake (Cross and Schlesinger 

1995). Second, the potentially rapid loss of soil P (which is rock-derived) through leaching than 

can be replenished through weathering (Walker and Syers 1976, Vitousek and Farrington 1997, 

Vitousek et al. 2010). On the other hand, temperate forests (before industrial-driven N 

depositions), tropical forests on high altitudes and other terrestrial ecosystems on young substrates 

were considered to be N limited (Vitousek and Howarth 1991, Vitousek and Farrington 1997, 

Hedin et al. 2009, Vitousek et al. 2010). This determination is made because N, unlike P, 

accumulates through N-fixation, which are mainly enhanced in wetter and warmer climates 

(Vitousek and Farrington 1997, LeBauer and Treseder 2008, Hedin et al. 2009). Nevertheless, the 

results of nutrient addition experiments, under the assumption that the addition of a limiting 

nutrient would increase primary production, have not only been geographically biased, spatio-

temporarily heterogenous but also inconclusive so far (Mirmanto et al. 1999, Newbery et al. 2002, 

Davidson et al. 2004, Santiago et al. 2012, Alvarez- Clare et al. 2013, Wright et al. 2011, 2018, 

2019).  
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1.3 Approaches of assessing nutrient limitation in tropical forest 

We can distinguish between direct and indirect assessment of nutrient limitation (Fig.1.1).  

Direct evidence of nutrient limitations is shown if the addition or fertilization of nutrients leads to 

an increase in the ecosystem process being measured (Tanner et al. 1998) and can only be 

rigorously evaluated through experimentation. Powers, et al. (2015) wrote that ñé the ógold 

standardô of ecosystem ecology remains large-scale fertilization experimentsò. According to them, 

such experiments provide the possibility of resolving nutrient addition effects and the mechanisms 

of nutrient limitations across a hierarchy of scales from microbial to trees. On the other hand, 

nutrient limitation can be inferred by indirect methods often based on the availability of nutrients 

in the soil (Powers 1980), element concentrations or ratios in plant tissues (Koerselman and 

Meuleman 1996), and investments by plants in acquiring specific nutrients (Harrison and Helliwell 

1979). Although laborious and logistically challenging in a tropical setting, this dissertation is 

based on the former (direct or experimental) approach with all conducted activities highlighted in 

red ink (Fig.1.1). It is also worth noting that the expressions; fertilization, nutrient addition, and 

elevated nutrient inputs are synonymous and are used interchangeably throughout this dissertation. 
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Figure 1.1: Approaches of nutrient limitation assessment (toolbox). Although laborious, a direct 

experimental approach (highlighted in red ink) was adopted in this dissertation since our research 

involved only one site. If the research has multiple research sites and the objective is the relative 

difference in nutrient limitation among the sites, then observational or experimental methods may 

be considered. Adopted and modified from ( Sullivan et al. 2014). 
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1.4 Study framework, justification and objectives  

This dissertation forms part of a larger project code-named ñRELIANCEò; a DFG-funded 

project with the overarching aim of elucidating the mechanistic controls of nutrient availability on 

ecosystem carbon assimilation. In doing so, we established a large-scale nutrient manipulation 

experiment (NME) in 2018 in a semi-deciduous tropical forest in Uganda (Africa) using a 

replicated factorial experimental design. To date, only one NME of P (without N or K) has been 

conducted in tropical Africa (Newbery et al. 2002). The selected study location, therefore, 

exemplifies this underrepresented tropical region with likely P or K-depleted soils. Because these 

experiments are uncommon in Africa, our knowledge of how nutrient availability control 

ecosystem productivity globally in the tropics remain unclear and geographically selective (with 

most of the few existing NMEs concentrated in the Americas and Asia). A most recent meta-

analysis involving 48 NMEs in tropical forests were conducted in the neotropics (32), South-East 

Asia (8) and Hawaii (8), with no representation from Africa or Australia (Wright 2019). This 

paucity of NMEs contributes to the inconclusiveness of working ecological concepts or 

mechanisms on the magnitude and direction of nutrient limitations of tropical NPP.   

Furthermore, in contrast to N and P, the role of K on ecosystem processes has largely been 

overlooked in the few tropical NMEs. To date, the only long-term, ecosystem-scale NME in the 

lowland tropics that included a K treatment found that K is particularly limiting for the growth of 

young trees (Wright et al. 2011). To the best of our knowledge, this experiment is the second NME 

to equally consider K in a full factorial ecosystem-scale NME and the only experiment to be sited 

on sandy (~55 % sand) soil.  Here, this dissertation aimed to investigate the roles of N, P and K 

and their interactions on ecosystem processes across a hierarchy of scales from the NPP of a 
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standing forest trees to microbial nutrient cycling processes and consists two main objectives 

divided into three separate studies (Chapter 2ī4). 

The first objective is to evaluate the effects of elevated nutrient inputs on different 

components of NPP by quantifying changes in forest aboveground biomass, tree diameter 

increments, fine litter biomass, and foliar (leaf-litter and sun-lit  leaves) chemistry. We 

hypothesized that there would be multiple nutrient co-limitations rather than one single nutrient 

limitation on NPP, as this forest has a high species diversity (~126 tree species), suggesting 

different nutrient acquisition strategies of different species or functional groups at the same site 

and different nutrient demand by different components of NPP (Wright et al. 2011, Kaspari et al. 

2008).  

The second objective is to assess the impact of elevated nutrient inputs on belowground 

processes i.e. fine root production and levels of plant-available nutrients in the soil (by measuring 

net N cycling rates, plant-available P and microbial biomass). Here we hypothesized that the 

increased nutrient availability will alter fine root architecture whilst soil biochemical responses 

would differ among the nutrient addition treatments (Yavitt et al. 2011). The combined additions 

of either two or three of these nutrients will  have positive effects on plant nutrient availability 

rather than their single nutrient addition because of their complementarity in supplying the 

stoichiometric nutrient requirements of trees and soil organisms.  

1.5 Study location and site description 

1.5.1 Study location and soils 

The research was conducted in the Budongo Forest Reserve in northwestern Uganda 

(1°43'29"N 31°32'21"E; Fig. 1.2). This species-diverse, moist semi-deciduous tropical forest is 
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located on the African shield on heavily weathered soils, likely classified as Lixisols (FAO World 

Reference Base 2014). Lixisols are polygenetic soils that experienced strong weathering 

(feralization) during earlier stages of development under wetter climates of the past, which was 

then followed by the deposition of base-rich aeolian dust and ash from biomass burning. 

Accordingly, the soils have a relatively high pH with relatively high exchangeable bases 

(especially calcium).  

 
Figure 1.2: Location of study site within the Budongo Forest Reserve in Uganda. 

1.5.2 Climate 

The region experiences a bimodal rainfall pattern between March to June and August to 

November (Fig. 1.3).  Its mean annual air temperature is 22.8 Ñ 0.1 ǓC and annual mean 

precipitation of 1670 ± 50 mm (2000ï2019; Budongo Conservation Field Station). 

Study site 

Study site 
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Figure 1.3: Monthly rainfall pattern at the study area based on long-term (2000-2019) climate data 

(A) and during the study period (B) from the Budongo Conservation Field Station (2 km from 

experimental site) in Uganda. 

  

1.5.3 Logging history of the Budongo Forest Reserve 

The Budongo Forest Reserve is the largest in Uganda and despite its selective logging 

history, has remained undisturbed for nearly 60 years now. Selective logging started in 1911 on a 

negligible scale but increased markedly until the 1960s. The experimental site (located in 

compartment N4; 341 ha) was selectively logged, between 1952 and 1954, with a total volume of 

94.0 m3 ha-1 removed (Plumptre 1996). This resulted in a higher abundance of mid-stage 

succession tree species (e.g. Funtumia elastica). Logging was mainly on trees of the Meliaceae 
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family which happen to be marketable at the time (Bahati 1998). Following these logging 

activities, replanting of economically important species (Khaya and Entandrophragma) were 

carried out in the logged areas. Between 1960 and 1962, trees that were not marketable, particularly 

Cynometra spp., were treated with arboricides to open up the canopy and encourage species 

richness through natural regeneration (Philip 1965, Plumptre 1996). The site has since been 

designated for research purposes. The most noticeable effect of this past logging was an increased 

species richness compared to an unlogged compartment. The geographical location of a 

compartment within the forest explained more of the variation in species distribution than the 

variation between adjacent logged and unlogged compartments (Plumptre 1996). 

1.6 Experimental design  

 

We established thirty-two 40 m × 40 m experimental plots, separated by at least 40 m, in a 

factorial design with eight randomly assigned treatments, each replicated by four plots. The 

treatments included the sole additions of N, P, K, their combinations (NP, NK, PK, and NPK) and 

a control (Fig. 1.4). Within each 40 m × 40 m plot (Fig. 1.5), we also laid out a 30 m × 30 m core 

measurement zone where all subsequent response measurements were conducted (to minimize 

edge effects) and sixteen 10 m × 10 m quadrats to facilitate fertilizer additions. Nitrogen was added 

as urea ((NH2)2CO) at a rate of 125 kg N haī1 yrī1, P as triple superphosphate (Ca(H2PO4)2) at a 

rate of 50 kg P haī1 yrī1 and K as muriate of potash (KCl) at a rate of 50 kg K haī1 yrī1. The 

experimental design and nutrient addition rates were consistent with Wright et al. (2011). Pre-

packaged fertilizers for each 10 m × 10 m quadrat were mixed with soil directly adjacent to the 

plot (as filler material) and broadcasted by hand within each quadrat, walking forward and back 

and subsequently changing directions (north to south and east to west). We fertilized four times a 

year in equal doses during the wet season (beginning from 17th May 2018).  
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Figure 1.4: Layout of the 32 experimental plots with randomly assigned treatments (b): control, 

N, P, K, NP, NK, PK, and NPK with four replicate each. Plots are 40 m × 40 m in size and are at 

least 40 m apart. 

 

Trail 
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Figure 1.5: Experimental design within each of the 32 plots in the nutrient manipulation 

experiment 

 

1.7 Soil physical and biochemical analysis prior to nutrient additions 

 

In April 2018 before nutrient additions, soil samples were taken from 10 randomly placed 

locations per plot at fixed depth intervals of 0ī0.1 m, 0.1ī0.3 m and 0.3ī0.5 m in all the 32 plots 

(Fig. 1.6). This was done to assess whether or not inherent differences in soil physical and 

biochemical characteristics existed among the treatment plots prior to nutrient additions. A 

summary of initial soil characteristics is presented in Tables 1.1 and 1.2. The lack of statistical 

differences between the treatment plots prior to initial nutrient addition (Tables 1.1) provides the 

basis of attributing differences in response measurement to the effects of nutrient addition (ceteris 

paribus). 
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Figure 1.6: Illustration of random soil sampling locations within each of the 32 plots at the nutrient 

manipulation experimental site in the Budongo Forest Reserve. 

 

Table 1.1: Soil physical and chemical characteristics (mean Ñ SE; n = 32 plots) at 0ī0.1 m, 0.1ī0.3 

m and 0.3ī0.5 m, measured in April 2018 prior to nutrient additions.  

 

 Site characteristics   Soil depth 

     0ī0.1 m            0.1ī0.3 m            0.3ī0.5 m 

Bulk density (g/cm3) 1.23 ± 0.03 1.53 ± 0.03 1.38 ± 0.03 

Soil pH (1:2.5 H2O) 6.43 ± 0.04 6.08 ± 0.09 5.90 ± 0.10 

Total soil nitrogen (kg/m2) 0.42 ± 0.01 0.57 ± 0.02 0.56 ± 0.02 

Total organic carbon (kg/m2) 4.02 ± 0.13 4.59 ± 0.20 4.09 ± 0.19 

Soil C:N ratio 9.54 ± 0.10 7.99 ± 0.08 7.22 ± 0.11 
15N natural abundance (ă) 7.79 ± 0.06 9.22 ± 0.13 9.51 ± 0.16 

Bray II phosphorus (g/m2) À 1.80 ± 0.24 0.85 ± 0.08 0.65 ± 0.06  

Effective cation exchange capacity (mmol+/kg) 149.2 ± 8.3 63.0 Ñ 4.1 À 51.9 Ñ 2.6 À 

Base saturation (%) 98.2 ± 0.2 97.5 Ñ 1.0 À 97.2 Ñ1.3À 

Soil texture: Sand (%) 54.8 ± 1.6 55.3 ± 1.6 48.7 ± 1.4 

                     Silt (%) 27.0 ± 1.7 21.3 ± 1.2 13.7 ± 0.9 

                     Clay (%) 18.2 ± 0.8 23.4 ± 1.1 37.6 ± 1.3 

Note: Methods of soil analysis are described in Chapters 3 and 4 

À Parameter was measured from 16 plots 

Soil samples taken at 

0ī0.1m only  

Soil samples taken at 

0ī0.1 m, 0.1ī0.3 m 

and 0.3ī0.5 m soil 

depth 
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Table 1.2: Soil physical and chemical characteristics (mean Ñ SE; n = 4 plots) in the top 0ī0.1 m, 

measured in April 2018 prior to nutrient additions. Within rows, there were no differences in initial 

soil characteristics among plots that were randomly assigned to the eight treatments (one-way 

ANOVA at P < 0.05). 

 
Site  

characteristics 

 

Contol 

 

N 

 

P 

 

K 

 

NP 

 

NK 

 

PK 

 

NPK 

Statistics  

F(7, 24) P value 

Bulk density (g/cm3) 1.34 ± 0.11 1.31 ± 0.06 1.10 ± 0.08 1.27 ± 0.05 1.20 ± 0.17 1.15 ± 0.17 1.19 ± 0.05 1.25 ± 0.12 0.71 0.66 

Soil pH (1:2.5 H2O) 6.38 ± 0.09 6.49 ± 0.14 6.58 ± 0.08 6.37 ± 0.10 6.27 ± 0.02 6.57 ± 0.02 6.46 ± 0.12 6.33 ± 0.09 1.24 0.32 

Total soil nitrogen (kg/m2) 0.41± 0.03 0.48 ± 0.03 0.41± 0.03 0.46 ± 0.04 0.40 ± 0.07 0.38 ± 0.07 0.41± 0.02 0.39 ± 0.03 0.86 0.55 

Total organic carbon (kg/m2) 4.02 ± 0.39 4.68 ± 0.17 3.88 ± 0.42 4.40 ± 0.53 3.81 ± 0.54 3.62 ± 0.54 3.89 ± 0.09 3.86 ± 0.30 0.88 0.53 

Soil C:N ratio 9.71 ± 0.14 9.68 ± 0.28 9.34 ± 0.41 9.26 ± 0.32 9.42 ± 0.33 9.58 ± 0.33 9.46 ± 0.39 9.86 ± 0.10 0.51 0.82 

15N natural abundance (ă) 7.92 ± 0.19 7.62 ± 0.21 8.15 ± 0.24 7.90 ± 0.12 8.05 ± 0.18 8.16 ± 0.18 7.91± 0.18 8.07 ± 0.13 0.99 0.46 

ECEC (mmol+/kg) 148 ± 29 153 ± 23 199 ± 40 146 ± 21 136 ± 10 134 ± 10 158 ± 25 119 ± 17 0.92 0.51 

Base saturation (%) 98.2 ± 0.5 98.1 ± 0.5 99.2 ± 0.2 98.0 ± 0.4 97.4 ± 0.2 98.4 ± 0.2 98.8 ± 0.3 97.9 ± 0.4 1.60 0.18 

 Sand (%) 58 ± 2 53 ± 4 45 ± 7 54 ± 5  54 ± 3 57 ± 3 57 ± 3 61 ± 4 1.15 0.37 

  Silt (%) 26 ± 2 31 ± 3 38 ± 8 28 ± 6 24 ± 1 24 ± 1 26 ± 5 19 ± 3 1.26 0.36 

  Clay (%) 16 ± 3 16 ± 2 17 ± 1 18 ± 2 22 ± 2 20 ± 2 17 ± 2 20 ± 2 1.06 0.42 

 

 

1.8 Statistical analyses 

 

For the most part, all response variables in this dissertation are analysed based on the 23 or 

2 × 2 × 2 factorial N-P-K design, unless otherwise mentioned, and are consistent with other nutrient 

manipulation studies (Wright et al. 2011, Yavitt et al. 2011, Santiago et al. 2012, Wurzburger and 

Wright 2015). This approach of analyses allowed us to test the main effects of each nutrient 

treatment (i.e. N, P or K) as well as their interaction effect on the measured responses (e.g. stem 

growth, litter biomass etc.) to nutrient additions. Generally, this type of analysis is referred to as a 

2k factorial design (For a detailed illustration of this experimental design, see Montgomery 2012), 

where k represents the number of factors being studied in the experiment (in this case three factors: 

N, P and K), each having only two levels ( i.e. nutrient addition coded as ñ1ò and no nutrient 
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addition coded as ñ0ò), the regression model for estimating three fixed factors (N, P and K) are 

generally expressed as in equation (1). Let main effects of the N, P and K additions be represented 

by Ŭ, ɓ and ɔ, then the overall ANOVA model (yijkl) takes the form: 

yijkl = ɛ + Ŭi + ɓj +  ɔk +(Ŭɓ)ij  +(Ŭɔ)ik  + (ɓɔ)ik + (Ŭɓɔ)ijk + Ůijkl    (1) 

where: 

ɛ is the global mean of the response, 

Ŭi is the main effect of factor N at level i, 

ɓj is the main effect of factor P at level j, 

ɔk is the main effect of factor K at level k, 

(Ŭɓ)ij  is the interaction effect of factors N and P at levels i and j, 

(Ŭɔ)ik is the interaction effect of factors N and K at levels i and k, 

(ɓɔ)ik is the interaction effect of factors P and K at levels j and k, 

(Ŭɓɔ)ijk is the interaction effect of factors N, P and K at levels i, j and k, 

Ůijkl  is the random error of the model 
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Abstract:  

 

Experimental evidence of nutrient limitations on primary productivity in Afrotropical forests is 

rare and globally underrepresented, yet are crucial for understanding constraints to terrestrial 

carbon uptake. In an ecosystem-scale nutrient manipulation experiment, we assessed the early 

responses of tree growth rates among different tree sizes, taxonomic species and at a community 

level in a humid tropical forest in Uganda. Following a full factorial design, we established 32 

(eight treatments × four replicates) experimental plots of 40 m × 40 m each. We added nitrogen 

(N), phosphorus (P), potassium (K), their combinations (NP, NK, PK, and NPK) and control at the 

rates of 125 kg N haī1 yrī1, 50 kg P haī1 yrī1 and 50 kg K haī1 yrī1, split into four equal 

applications, and measured stem growth of more than 15,000 trees with diameter at breast height 

(DBH) Ó 1 cm. After two years, the response of tree stem growth to nutrient additions was 

dependent on tree sizes, species and leaf habit but not community-wide. First, tree stem growth 

increased under N additions, primarily among medium-sized trees (10ī30 cm DBH), and in trees 

of Lasiodiscus mildbraedii in the second year of the experiment. Second, K limitation was evident 

in semi-deciduous trees, which increased stem growth by 46 % in +K than ïK treatments, 

following a strong, prolonged dry season during the first year of the experiment. This highlights 

the key role of K in stomatal regulation and maintenance of water balance in trees, particularly 

under water-stressed conditions. Third, the role of P in promoting tree growth and carbon 

accumulation rates in this forest on highly weathered soils was rather not pronounced; nonetheless, 

mortality among saplings (1ï5 cm DBH) was reduced by 30 % in +P than in ïP treatments. 

Although stem growth responses to nutrient interaction effects were positive or negative (likely 

depending on nutrient combinations and climate variability), our results underscore the fact that, 

in a highly diverse forest ecosystem, multiple nutrients and not one single nutrient regulate tree 

growth and aboveground carbon uptake due to varying nutrient requirements and acquisition 

strategies of different tree sizes, species and leaf habits. 

  

 

Keywords:  Budongo forest, carbon stock, fertilisation, nitrogen, nutrient limitations, phosphorus, 

potassium, primary productivity, relative growth rate, Uganda 
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2.1 Introduction 

Nutrient limitations play an important role in constraining plant growth and ecosystem 

productivity across all terrestrial biomes. Under increasing global atmospheric CO2 

concentrations, tropical forests remain one of the largest mitigants of climate change, storing 

nearly 55 % of the worldôs forest carbon stock and having the highest productivity compared to 

other biomes (Pan et al. 2011). The photosynthetic and carbon-fixation capacity of these forests 

relies largely on essential resources (light, water and nutrients) in sufficient quantities. It is 

therefore axiomatic that inadequate supply of any one or more resources will impose limits on the 

capacity of these forests to assimilate CO2 efficiently and produce new plant biomass (Danger et 

al. 2008). Brienen et al. (2015) reported that the aboveground carbon sequestration rates of the 

Amazon rainforest decreased by about one-third between 2000 and 2010 in comparison to the 

1990s. This potentially indicates that, among other adverse global changes, carbon saturation or 

nutrient limitations could be the constraining factor of the growth and productivity of these forests. 

How much carbon tropical forests will be able to store and sequester in the future remains uncertain 

particularly for underrepresented tropical regions (Wieder et al. 2015). Moreover, many reviews 

and observations, thus far, have partly attributed these uncertainties to gaps in our knowledge of 

how nutrient availability control forest carbon assimilation and dynamics, which represents a 

major challenge for ecologists in modelling terrestrial ecosystem response to global changes (Oren 

et al. 2006, Hedin et al. 2009, Gerber et al. 2013). 

Pathways of nutrient input in forest ecosystems (biological nitrogen fixation (BNF), rock 

weathering and atmospheric deposition) are variable as are nutrient requirements, acquisition and 

availability to different ecosystem processes (e.g. Hedin et al. 2009). Apart from N, all other 

nutrients primarily originate from the weathering of soil parent material and then cycled in the 
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forest ecosystem (soil-biomass-litter-soil). In both direct and indirect observations, N and 

phosphorus (P) are commonly recognized to limit tree growth and other ecosystem processes in 

most terrestrial ecosystems (Elser et al. 2007, Tamale et al. 2021). Soil age and climatic regimes 

are known large-scale controllers of nutrient limitations in tropical forests (Walker and Syers 1976, 

Cai et al. 2009). Young soils have a large supply of rock-derived nutrients, e.g. P and potassium 

(K), which diminishes as soils weather with age, whereas N accumulates as organic matter builds 

up with time (Walker and Syers 1976, Tanner et al. 1998, Fisher et al. 2013). In older, highly 

weathered soils under warm and humid climates, P and other rock-derived nutrients decrease as a 

result of excessive nutrient leaching (Veldkamp et al. 2020). In such soils, rock-derived nutrients 

may limit BNF and decomposition processes (Barron et al. 2009), which possibly down-regulates 

N availability (Hedin et al. 2009). On one hand, it is postulated that tropical lowland forests on 

highly weathered soils are P-limited but have high bioavailability of N due to the high abundance 

and diversity of N-fixing organisms (Hedin et al. 2009, Barron et al. 2011). Such postulation was, 

however, not supported by findings from a 15-year experiment of tropical lowland forest in 

Panama (Wright et al. 2018). On the other hand, N limitation on plant productivity is more 

prevalent in tropical montane forests (Adamek et al. 2009, Wolf et al. 2011, Homeier et al. 2012) 

and become more pronounced with elevation (Tanner et al. 1998, Graefe et al. 2010). 

Notwithstanding, a more recent meta-analysis of 48 nutrient addition experiments showed that 

both N and P are equally likely to limit plant function in tropical forests regardless of elevation 

(Wright 2019). 

In contrast to N and P, the role of K on ecosystem processes has largely been overlooked 

in tropical forests. To date, the only long-term, ecosystem-scale nutrient manipulation experiment 

in the lowland tropics that included a K treatment found that K is particularly limiting for the 



Chapter 2 Responses of stem growth 

 

 

25  

 

growth of young trees (Wright et al. 2011). Furthermore, indirect evidence has shown that K 

limitations likely affect ecosystem below- vs above-ground carbon allocations in the Congo basin 

(Doetterl et al. 2015). A meta-analysis of 38 K addition experiments, involving  26 different tree 

species revealed that many forest trees (in 69 % of the experiments) responded positively to 

increased K availability (Tripler et al. 2006). The spatial distributions of tree species at local scales 

has also been reported to be associated with K availability (John et al. 2007b). It has therefore 

become imperative that the role of K on tree growth and development in highly diverse natural 

forest ecosystems is revisited.  

In recent years, there are increasing evidence that different ecosystem or growth processes 

are limited by different nutrients, resulting in simultaneous multiple limitations on plant growth 

(Kaspari and Powers 2016). Nutrient addition experiments in lowland tropical forests reveal 

(co)limitations of N, P or K on tree growth of different size classes, components of net primary 

production (NPP) and succession groups (Wright et al. 2011, 2018). Most nutrient manipulation 

studies have been conducted on relatively young soils, and there is a serious underrepresentation 

in regions with likely P- and K-depleted soils such as Ferralsols, Acrisols, Nitisols and Lixisols. 

To date, only one nutrient manipulation experiment of P (without N and K) has been conducted in 

tropical Africa (Newbery et al. 2002). In our present study, we established an ecosystem-scale 

nutrient manipulation experiment in a moist semi-deciduous tropical forest in Uganda, which 

exemplifies the underrepresented transition zone between African humid and dry tropical forests 

using a replicated full factorial experimental design. To our knowledge, this study represents the 

first ecosystem-scale nutrient manipulation experiment to be conducted on sandy soil (sand > 50 

%), in contrast to the nutrient addition studies that have been conducted on clay soils (Davidson et 

al. 2004, Siddique et al. 2010, Alvarez-Clare et al. 2013, Wright 2019, Du et al. 2020). Our first 
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objective was to investigate whether or not N, P and K or their interactions (co-) limit community 

forest growth. Here we hypothesize that there will be multiple nutrient co-limitations rather than a 

single nutrient limitation on community forest growth and biomass productivity, as this forest has 

a high species diversity (126 tree species), which will have many different nutrient acquisition 

strategies (Wright et al. 2011, Detto et al. 2018). Our second objective was to evaluate the response 

of tree diameter growth to nutrient additions by different tree size classes. Here, we predict that 

nutrient acquisition strategies will change over the life span of a tree, whereby small-sized trees 

that are still actively growing will require more nutrients than large canopy trees that have a low 

nutrient demand (Adamek et al. 2009, Alvarez-Clare et al. 2013). A small but important part of 

these trees may have a high demand for N or P (e.g. reproductive organs), which may surpass 

nutrient availability in the soil (Kaspari et al. 2008, Fortier and Wright 2021). We, therefore, expect 

that the alleviation of nutrient co-limitations will lead to a growth response of trees with small to 

medium stem diameters that had previously experienced high nutrient resource competition. The 

addition of K may alter biomass allocations (Wright et al. 2011, Doetterl et al. 2015), stimulate 

processes responsible for tree growth as K plays an important regulatory role in the guard cells of 

leaves that control stomatal aperture and potentially limit CO2 assimilation, particularly under 

drought stress conditions. Our last objective was to evaluate the response of stem diameter growth 

of different tree species, leaf habits (deciduous, semi-deciduous and evergreen) and functional 

traits (N-fixers and non-N fixers) to nutrient additions. We predict that N-fixing tree species will 

increase in stem diameter growth in response to P but not to N additions (Waring et al. 2019).  



Chapter 2 Responses of stem growth 

 

 

27  

 

2.2 Materials and methods 

2.2.1 Site description 

This experiment was conducted in the Budongo Forest Reserve in northwestern Uganda 

(1Á44'28.4"N, 31Á32'11.0"E; elevation range: 1050ī1070 m; Fig. 1.2). The Budongo forest is a 

moist, semi-deciduous tropical rainforest situated on an uplifted Shield, specifically on a 

Precambrian gneissic-basaltic basement complex (van Straaten 1976). Annual precipitation and 

air temperature average 1670 ± 50 mm and 22.8 ± 0.1 °C, respectively (2000ï2019; Budongo 

Conservation Field Station). The region experiences two dry seasons (< 100 mm per month) from 

December to February and in July. Annual nutrient depositions from rainfall are 8.5 kg N haï1 yrï

1, 0.03 kg P haï1 yrï1 and 4.3 kg K haï1 yrï1. The soil is classified as Lixisol (IUSS Working Group 

WRB 2014), a well-drained (> 50 % sand), highly weathered soil commonly found in a transition 

zone between tropical forests and savannahs. Unlike other highly weathered soils, this Lixisolôs 

high base saturation and pH (Tables 1.1) are contributed by depositions of aeolian dust and ashes 

from agricultural biomass burning (Boy and Wilcke, 2008; Bauters et al., 2018) and by weathering 

of its parent material that consists of coarse-grained basaltic granulites with ~10 % CaO and 6ī7 

% MgO.  

Vegetation at the site is composed of 126 tree species (Shannon-diversity index Hô: 

2.53 ± 0.04 and canopy heights reaching up to 50 m). Among trees with diameter at breast height 

(DBH) Ó 10 cm, N-fixing trees (Family: Fabaceae or Leguminosae) constitute 6 % in stem 

abundance (Table S2.1) but account for 16 % of the forestôs basal area and 25 % of aboveground 

wood biomass (Table 2.1). Leaf area index averaged 3.3 ± 0.0 m2 m-2 (determined in April 2018 

and November 2019) in the control plots. The site was selectively logged in the 1950s but has 

remained undisturbed for nearly 60 years (Plumptre 1996). As a result of the past logging, there is 
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a higher abundance of some mid-stage succession tree species (e.g. Funtumia elastica). The ten 

most dominant species together represent 78 % of all trees Ó 10 cm DBH in the experimental plots 

(Tables 2.1 and S2.1). Larger trees (> 30 cm DBH) contributed a large proportion (73 %) of the 

total wood biomass (395 ± 17 Mg haī1) and 66 % of carbon storage (annual wood biomass 

productivity of 5.04 ± 0.74 Mg C haī1 yrī1). Out of 93 tree species Ó 10 cm DBH (Table S2.1), 

five species (Cynometra alexandri (19 %), Celtis durandii (13 %), Funtumia elastica (8 %), Celtis 

mildbraedii (8 %), and Khaya anthoteca (7 %)) could be considered biomass hyperdominant (i.e. 

those tree species which collectively account for > 50 % of biomass; Fauset et al. 2015) (Fig. 2.1) 

and just eight tree species (listed in Table 2.1) were responsible for about half the total wood 

biomass productivity at this site (Table 2.1).  

 
Figure 2.1: Contribution of dominant species to stem density, biomass stocks and productivity in 

the Budongo Forest Reserve. 

2.2.2 Experimental design 

We established a full factorial NPK experiment with eight treatments: control, N, P, K, NP, 

NK, PK, and NPK (Fig. 1.4). These treatments had four replicates and were randomly assigned to 
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32 plots, 40 m × 40 m each and separated by at least 40 m.  Within each 40 m × 40 m plot, we laid 

out sixteen 10 m × 10 m quadrats to facilitate fertilizer additions. Nitrogen was added as urea 

((NH2)2CO) at a rate of 125 kg N haī1 yrī1, P as triple superphosphate (Ca(H2PO4)2) at a rate of 

50 kg P haī1 yrī1 and K as muriate of potash (KCl) at a rate of 50 kg K haī1 yrī1. The experimental 

design and nutrient addition rates were consistent with Wright et al. (2011). Pre-packaged 

fertilizers for each 10 m × 10 m quadrat were mixed with soil directly adjacent to the plot (as filler 

material) and broadcasted by hand within each quadrat, walking forward and back and 

subsequently changing directions (north to south and east to west). We fertilized four times in a 

year in equal doses during the wet season (beginning from 17th May 2018, then August, November 

and March).  

2.2.3 Tree growth measurements and biomass productivity 

We conducted censuses of all trees Ó 10 cm DBH in each 40 m × 40 m plot, and trees 1 cm 

Ò DBH < 10 cm within an inner 30 m × 20 m subplot. All measured trees (3180 trees Ó 10 cm 

DBH; 12,604 trees 1 cm Ò DBH < 10 cm) were tagged with identification numbers and 

taxonomically identified to species level. Non-cylindrical stems at breast height due to buttresses 

or deformity were measured 50 cm above buttresses or deformity. All points of measurement were 

marked with spray paint to ensure that subsequent censuses were taken at the same point. We 

repeated censuses four times within the two-year experiment period, i.e. April 2018 (pre-

treatment), April 2019 (after 1 year), October 2019 (after 1.5 years) and April 2020 (after 2 years).  

To assess the effect of nutrient addition and seasonal pattern on individual tree stem growth 

to a finer temporal scale, we installed dendrometer bands (D1, UMS, Munich, Germany; with 

increment-sensitivity of 0.1 mm) on 20 selected trees Ó 10 cm DBH in an inner 30 m Ĭ 30 m 

measurement zone of each plot. The selection of the 20 trees (which was ~ 40 % of the trees in 



Chapter 2 Responses of stem growth 

 

 

30  

 

this inner zone) was based on species composition and DBH distribution.  First, in each plot, the 

importance value index (IVI) of a tree species was determined: sum of relative density, relative 

frequency and relative basal area (Curtis and McIntosh 1950). Based on the IVI ranking and 

species proportions, the most important species and the corresponding number of individuals to be 

sampled were determined. Next, we randomly sampled the individuals (based on tree tag numbers) 

of the selected species. A backup list of trees was prepared in advance for each species in case the 

sampled tree died during the experiment (this happened 16 times during the two-year study). The 

installed dendrometer bands were allowed to settle for a month before our first measurement (May 

22, 2018), followed by two consecutive bi-monthly dendrometer measurements (July 22, 

September 22). Thereafter, all measurements were taken every month on the same date (22nd). 

We calculated relative growth rate (RGR; Eq. (1)) (Hoffmann and Poorter 2002) as a metric 

for tree growth. We separately analyzed four DBH classes (1ï5 cm, 5ï10 cm, 10ï30 cm and >30 

cm) as these classes likely experience contrasting light availability and may accordingly differ in 

their response to nutrient additions (e.g. Wright et al. 2011, 2018). For all analyses of tree growth 

response to nutrient additions, we only included trees measured in the inner 30 m × 30 m zone in 

each plot to minimize edge effects.  

RGR (cm.cmī1.tī1) = (ln (DBHf) ï ln (DBHi)) / æt)  (1)  

where f and i represent final and initial measurement periods, respectively, and æt represents the 

change in time (year or month). For a specific DBH class, the RGR value for each plot was the 

mean RGR of trees belonging to that class. To assess community-level response to nutrient 

addition, we calculated community-level RGR (Eq. 2) for each plot by weighting the RGR of each 

DBH class with the corresponding number of trees (n) belonging to that size class.  
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Community level RGR = ((RGR(1-5cm) × n1) + (RGR(5-10cm) × n2) + (RGR(10-30cm) × n3) + 

(RGR(>30cm) × n4)) / (n1 + n2 + n3 + n4)   (2) 

 Furthermore, tree growth largely depends on biomass allocations to its various organs (roots, stem 

and leaves), which may differ among different species, functional groups (N fixers and non-N 

fixers) and different leaf habits (evergreen, semi-deciduous and deciduous) (Appendix S1: Table 

S3). For instance, deciduous tree species (which shed their leaves during the dry season) may have 

to resorb and reallocate nutrients in the leaf before shedding them, whereas evergreen species may 

not. Therefore, the RGR responses of these groups of species (Table S2.1) under elevated nutrient 

supply may differ. Thus, we evaluated plot-level RGR responses of different tree species, leaf 

habits and functional groups to nutrient additions. For species-level analysis, we included five 

dominant tree species that were present in at least three replicate plots for each treatment. 

We estimated the aboveground wood biomass (AWB; Eq. (3)) of each tree for the four 

census periods during the two years, using a pan-tropical allometric equation (Chave et al. 2014; 

Eq. 3), AWB = 0.0673 × (ɟD2H) 0.976            (3) 

where D refers to DBH (cm), H is tree height (m) and ɟ represents wood density (g/cm3).  Heights 

of 783 trees (representing all species and at least 20 trees Ó 10 cm DBH per plot) were measured 

using a Vertex III ultrasonic hypsometer and a T3 transponder (Haglöf, Sweden). The heights of 

all other trees Ó 10 cm DBH were estimated using diameter-height allometry (Chave et al. 2005). 

Species-specific wood density was determined for 764 trees by driving an increment borer (Mora, 

Sweden) into the tree stem ~20 cm above the DBH measurement point. Wood density was 

calculated by dividing the oven-dry mass (60 °C, 72 h) of the wood core by its fresh volume (Chave 

2005). Wood biomass productivity for each tree was the change in AWB during 2018ī2020, and 



Chapter 2 Responses of stem growth 

 

 

32  

 

summed for all the trees in each plot for each year; when expressed in terms of carbon, we assumed 

50 % carbon in wood biomass (Chave et al. 2005, Lewis et al. 2009).  

2.2.4 Statistical analyses 

 We used a factorial analysis of variance (ANOVA) to test the effect of nutrient additions 

on community-level RGR as well as RGR of different DBH classes, species, leaf habits, and 

functional groups for each year of the experiment. We separately analysed for each year to isolate 

possible effects of climate variation or lag response of the RGR to nutrient additions. All 

parameters were first tested for normal distribution using Shapiro-Wilkôs test and equality of 

variance using Leveneôs test. Logarithmic or square root transformation was applied when an 

assumption of the aforementioned tests is violated. For the monthly measured RGR response to 

nutrient additions, linear mixed-effects (LME) models (ólmeô-function in the nlme package) were 

used to test the fixed effects of treatments (N, P, K, each with two levels) and their interactions. 

The spatial replication (for the plot-level RGR; n = 4 plots) and time (months) were included in 

the LME as random effects. A function that allows different variances of the response variable per 

level of the fixed effect and/or a first-order temporal autoregressive process was included, if this 

improved the relative goodness of the model fit based on Akaike Information Criterion (AIC). The 

significance of the fixed effect was evaluated using ANOVA (Crawley, 2009). The LME analyses 

were performed for the entire period of the experiment as well as for the first and second years 

separately. If residual plots revealed non-normal distribution or non-homogenous variance, we 

log-transformed the data and then repeated the analyses. To assess the short-term influence of 

nutrient addition on tree mortality events among the different DBH classes, the number of dead 

stems per DBH class in each plot for the entire experimental period (2018ī2020) were analyzed 

using Poisson regression (a generalized linear model appropriate for count data with correction for 
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overdispersion (link = quasipoisson)). Nutrient addition treatment was the predictor and counted 

mortality event was the response variable. For all analyses, nutrient addition effects were 

considered significant at P Ò 0.05.  All statistical analyses were conducted using the R statistical 

software version 3.6.2 (R Development Core Team 2018). 

2.3 Results 

 

We report results of both monthly dendrometer band monitoring of 20 selected individual 

trees per plot (Fig. 2.2) and growth rates based on annual censuses of all trees in each of the 32 

plots (Figs. 2.3, 2.4 and 2.5). Data obtained from dendrometer measurements strongly correlates 

with the census data (R2 = 0.72, P < 0.001; Fig. S2.1). There were no differences in surface soil 

characteristics among treatment plots before nutrient additions (Table 1.2) and accordingly, 

differences in tree growth rates can be attributed to nutrient addition treatments and not to inherent 

differences in soil biochemical characteristics. Overall, we found no treatment effects of nutrient 

additions on community-level RGR in either the first or second year of the experiment (F1, 24 = 

0.40, 0.37 and P = 0.892, 0.909; Fig. S2.2). Community-level RGR was, however, higher in the 

second year (0.046 ± 0.006 cm cmï1 yrï1) than in the first year (0.025 ± 0.005 cm cmï1 yrï1) in the 

control plots as well as in all other treatments (t(31) = 9.00, P < 0.0001; Fig. S2.2). In contrast to 

wood biomass productivity (Table 2.1), RGR tended to decrease with increasing DHB classes 

(Table 2.1). 
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Table 2.1: Vegetation characteristics of the experimental site (mean ± SE; n = 32 or for tree 

species, n = 27ī32 plots). Proportions in the bracket represent the contribution of individual 

species to the total aboveground wood biomass productivity of the forest. 

 
DBH classes; Species Tree 

density  

(trees haī1) 

Mean 

height  

(m) 

Basal 

area 

(m2 haī1) 

AWB À 

(Mg haī1) 

Rel. growth 

rate ÀÀ 

(cm cmī1 yrī1) 

Wood biomass  

productivityÀÀ 

(Mg C haī1 yrī1) 

1ī5 cm  5938 ± 269      ī 2.4 ± 0.1 6.1 ± 0.3 0.042 ± 0.007 0.32 ± 0.09 

5ī10 cm  627 ± 30      ī 2.3 ± 0.1 10.4 ± 0.5 0.020 ± 0.005 0.33 ± 0.04 

10ī30 cm 514 ± 13 16.3 ± 0.1 11.8 ± 0.3 90.8 ± 3.1 0.012 ± 0.001 1.04 ± 0.05 

> 30 cm 108 ± 5 30.0 ± 0.4 22.0 ± 1.0 287 ± 17 0.011 ± 0.000 3.35 ± 0.89 

Tree species§          

Funtumia elastica 150 ± 13 17.6 ± 0.2 4.2 ± 0.4 29.2 ± 3.1 0.011 ± 0.001 0.41 ± 0.10 (9.3%) 

Celtis mildbraedii  92 ± 10 15.2 ± 0.4 2.7 ± 0.4 29.6 ± 5.2 0.007 ± 0.003 0.12 ± 0.07 (2.8%) 

Rinorea ardisiaeflora  42 ± 8 13.2 ± 0.3 0.9 ± 0.3 8.8 ± 4.4 0.017  0.06            (1.4%) 

Cynometra alexandri  39 ± 4 21.3 ± 1.2 4.2 ± 0.7 70 ± 12.9 0.021 ± 0.003 0.27 ± 0.16 (6.1%) 

Celtis zenkeri  39 ± 4 18.0 ± 0.6 1.4 ± 0.2 14.1 ± 2.1 0.008 ± 0.002 0.14 ± 0.06 (3.3%) 

Celtis durandii  37 ± 4 28.4 ± 0.6 4.3 ± 0.4 51.0 ± 5.5 0.004 ± 0.002 0.36 ± 0.13 (8.1%) 

Lasiodiscus mildbraedii  36 ± 6 14.5 ± 0.5 0.8 ± 0.2 8.1 ± 1.9 0.009 ± 0.004 0.06 ± 0.04 (1.5%) 

Trichilia rubescens 28 ± 5  15.5 ± 0.5 0.7 ± 0.1 5.0 ± 1.2 0.026 ± 0.015 0.04 ± 0.01 (0.9%) 

Khaya anthoteca  20 ± 2 22.8 ± 1.4 2.4 ± 0.4 28.0 ± 2.5 0.021 ± 0.004 0.86 ± 0.31 (19.6%) 

Trichilia prieuriana 15 ± 2 19.1 ± 0.5 0.6 ± 0.1 5.5 ± 1.1 0.033 ± 0.010 0.10 ± 0.04 (2.4%) 
ÀAWB: aboveground woody biomass, measured in all plots in April 2018 prior to nutrient addition   

ÀÀMeasured from the control plots (n = 4) during the 2018ī2020 measurement period 

§Tree species listed here includes only trees Ó 10 cm DBH and are the most dominant species in the experimental site 

(Table S2.1). 

2.3.1 Seasonal pattern in tree growth rate 

Monthly RGR was highly seasonal and correlated strongly with monthly rainfall (R2 = 0.52, 

P < 0.001; Fig. S2.2), with higher RGR recorded in the wet months than in the dry months (Figs. 

2.2, and S2.3). In the first year (June 2018ïMay 2019) of the experiment, the region experienced 

a longer dry season (five dry months; annual rainfall = 1695 mm) than in the second year (three 

dry months; annual rainfall = 2168 mm) with ~ 30 % more rainfall recorded (Fig. 2.2d).  
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Figure 2.2: Relative growth rate (RGR) responses of trees 10ï30 cm diameter at breast height (82 

% of 656 trees on which dendrometer bands were installed) to nitrogen (N), phosphorus (P) and 

potassium (K) additions. Presented are pooled +N (N, N + P, N + K and N + P + K) and īN 

(control, K, P and P + K) in panel (a); +P (P, N + P, P + K, and N + P + K) and īP (control, N, K 

and N + K) in panel (b); +K (K, P + K, N + K and N + P + K) and īK (control, N, P and N + P) in 

panel (c); and monthly precipitation (panel d). Error bars are standard errors of the mean for each 

treatment aggregation, n = 16 plots. Statistical analysis was based on the eight treatments in the 

full factorial NPK design where the main effect of N additions was found in the second year (linear 

mixed-effects model, F1, 24 = 6.14, P = 0.021). Dotted vertical lines correspond to dates of nutrient 

additions; grey shades represent dry months (<100 mm moï1 precipitation, shown by the horizontal 

dotted line in panel d). 






































































































































































































