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Response of tropical forest productivity to 
seasonal drought mediated by potassium 
and phosphorus availability

Raphael Manu    1  , Najeeb Al-Amin Iddris    1,2, Marife D. Corre    1, 
Alfred Aleeje    3,4, Majaliwa J. G. Mwanjalolo5, Oliver van Straaten    1,6 & 
Edzo Veldkamp    1

Tropical forest productivity is increasingly reported to be nutrient limited, 
which may affect its response to seasonal droughts. Yet experimental 
evidence on nutrient limitation from Afrotropical forests remains rare. We 
conducted an ecosystem-scale, full factorial nitrogen (N)–phosphorus  
(P)–potassium (K) addition experiment in a moist forest in Uganda to 
investigate nutrient controls on fine litter production and foliar chemistry. 
The eight factorial treatments were replicated four times in 32 plots of 
40 × 40 m each. During the three-year nutrient additions, we found K and 
P limitations on leaf litter production, exhibiting strong links to ecosystem 
responses to seasonal drought. Specifically, leaf litterfall consistently 
decreased in dry seasons with K additions, whereas P additions caused a 
reduction only during prolonged drought in the first year. Leaf litterfall 
was not significantly affected by N additions. Furthermore, K additions 
delayed the timing of leaf litterfall peak, underscoring the crucial role of K in 
regulating stomatal aperture and signalling during water-stress conditions 
and suggesting a prolonged leaf lifespan. Foliar N increased with N and  
P additions whereas K was the most resorbed nutrient. We conclude that 
the productivity and resilience of tropical forests, particularly under drier 
conditions, may depend on terrestrial K and P availability.

Tropical forests account for one-third of the world’s biomass produc-
tion and approximately half of the global forest carbon (C) sink1. How-
ever, the persistence of this C sink remains uncertain for reasons not 
yet fully reconciled, with increasing evidence suggesting a decline in 
C capture by tropical forests2,3. This uncertainty is partly caused by 
frequent changes in inter- and intra-annual hydroclimatic regimes4, 
drought events5,6 and increased seasonality, characterized by shorter 
wet seasons and longer, more intense dry seasons4,7–9. During dry sea-
sons, the photosynthetic capacity of plants may stall or even decrease 

while leaf litterfall increases10, primarily due to soil moisture deficits. 
Thus, rainfall remains a key driver of tropical ecosystem functioning4 
and is largely coupled with nutrient cycling and limitations in these eco-
systems11. Moreover, nutrient limitations by N and P play an important 
regulatory role in plant growth, therein affecting ecosystem biomass 
allocation and specifically net primary productivity12,13. In line with 
the substrate-age hypothesis14, productivity in central Amazonian 
lowland forests growing on highly weathered soils was reported to 
be P limited15 due to strong substrate weathering and leaching losses 
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nutrient availability control fine litter production and foliar chemistry. 
Additionally, nutrient resorption efficiency (RE) was determined. We 
hypothesized that K and not N or P limitation affected the drought 
response of this Afrotropical forest, which has vital implications for 
ecosystem CO2 assimilation, resilience and response to drier future 
climate.

Results
Leaf litterfall, which constituted 66% of fine litter production and 
~50% of aboveground net primary productivity, was significantly 
reduced by K (F1,24 = 5.45, P = 0.028; Fig. 1c) and P additions (F1,24 = 7.43, 
P = 0.012; Fig. 1b), although total fine litter production was unaffected 
by nutrient additions. Whereas K addition effect on leaf litterfall was 
consistently evident, specifically in the dry seasons, throughout the 
experiment (K × season interaction; F1,48 = 4.49, P = 0.039; Fig. 1f), P 
addition effect was evident only in the first year (P × year interaction; 
F2,48 = 5.78, P = 0.006; Fig. 1b,e). Additionally, the timing of leaf litterfall 
peak experienced a four-week delay in the dry seasons with K addition 
relative to non-K treatments in the first year (Fig. 2c). During this first 
year, we observed a more intense and prolonged dry season with ~30% 
less rainfall than in the subsequent year (Fig. 2d and Extended Data 
Fig. 1). Reproductive litterfall (flowers and fruits; 10% of total litterfall), 
twigs (19%) and residue (barks, epiphytes and others; 5%) did not show 
treatment effect (Extended Data Tables 2 and 3). Leaf litterfall exhibited 
seasonality, reflective of the rainfall pattern (Fig. 2). Within the control 
plots, the bi-weekly leaf litterfall in the wet season (38 ± 2 g m−2) approxi-
mately doubled in the dry season (December−February; 73 ± 7 g m−2) 
when leaf senescence and abscission peaked.

Leaf litter chemistry was significantly affected by nutrient 
additions ~1.5 years into the experiment. N × P × K interaction effect 
increased leaf litter C content and C:N ratio (F1,24 = 5.01, 5.93 and 
P = 0.034, 0.023, respectively) and decreased Ca content (F1,24 = 6.91, 
P = 0.015) (Extended Data Tables 4 and 5). Leaf litter δ15N increased by 
10% with K addition (F1,24 = 5.77, P = 0.024; Extended Data Table 5). Leaf 
litter N, P, K contents and N:P ratio showed no treatment effect.

The response to nutrient addition of sunlit leaf chemistry, 
weighted by the importance value index of the sampled dominant 
tree species (Fig. 3), showed increased foliar N by 5% with N addition 
(F1,24 = 9.26, P = 0.006; Fig. 3a) and by 4% with P addition (F1,24 = 5.86, 
P = 0.023; Fig. 3b). Foliar δ15N also increased with P addition (6%; 
F1,24 = 8.05, P = 0.009; Fig. 3b). For species-specific responses, N addi-
tion increased foliar N by 7% and foliar C by 5% in Celtis mildbraedii 
(F1,15 = 5.53, 6.05 and P = 0.033, 0.027, respectively) but decreased S 
content in Funtumia elastica (F1,24 = 4.69, P = 0.040) (Extended Data 
Tables 6 and 7). Phosphorus addition increased foliar P by 33%, δ15N 
by 10% (F1,20 = 7.0, 9.2 and P = 0.015, 0.006, respectively) and decreased 
N:P ratio by 16% in Celtis durandii (Extended Data Table 7). The inter-
action effects of N × P enhanced foliar N in Cynometra alexandri (5%; 
F1,22 = 5.34, P = 0.031) and decreased foliar S in Celtis mildbraedii (3%; 
F1,15 = 6.06, P = 0.026). Potassium addition decreased foliar N by 5% 
(F1,24 = 9.79, P = 0.005), increased foliar Ca by 24% (F1,24 = 9.15, P = 0.006) 
and increased C:N ratio by 4% (F1,24 = 4.91, P = 0.036) in Funtumia elas-
tica (Extended Data Table 7). Foliar K was unaffected by K addition and 
represented the third most abundant foliar nutrient (following N and 
Ca) (Extended Data Table 6). Across treatments, leaf nutrient RE was 
highest for K (23–43%), moderate for P (13–30%), low for N (6–25%) and 
negative for Ca (0–53%) (Extended Data Table 8).

Discussion
Nutrient-limited leaf litterfall linked to seasonal drought
Nutrient limitation is theorized to be evident when the additions of lim-
iting nutrients lead to an increased response in the ecosystem process 
considered13 and yet K addition in our experiment led to reduced leaf 
litterfall. The reduced leaf litterfall became evident approximately eight 
months after initial fertilization, during the strong and prolonged dry 

linked to high rainfalls14. Elsewhere, plant uptake of P and K diminished 
under drought conditions in a Mediterranean forest, leading to reduced 
biomass growth16.

The physiological responses of tropical trees to seasonal drought 
(rainfall deficit over prolonged period, which in this study refers to the 
major dry seasons of ≤100 mm rainfall per month)17,18, are confounded 
by soil nutrient availability, which influence their mortality risk19, C 
assimilation4,20 and causes shifts in C allocations21. Phosphorus is rec-
ognized for its drought-mitigating effects on plant growth through 
its role in anti-oxidative enzyme activities, osmolyte accumulation 
and lipid peroxidation levels22,23. Phosphorus and K are particularly 
recognized for improving water-use efficiency and drought resistance 
of various plant communities16,22,24, and their limitation has been shown 
to induce nutritional stress in temperate forest trees during prolonged 
drought periods25. However, evidence of possible limitation of plant 
function by K is notably rare in tropical forests12 and mostly overlooked 
in Earth system and global change models26. Despite predictions of 
drier future climates9,27,28 and the higher vulnerability of drier tropical 
forests to climate change29, the link between drought responses (that is, 
drought-induced physiological and biochemical changes) and nutrient 
limitation remains elusive, particularly in species-rich natural tropical 
ecosystems30,31. Thus, understanding processes that can potentially 
alter tropical forest C storage is crucial for predicting the impacts of 
climate change on these ecosystems.

The magnitude and identity of nutrient limitation vary widely 
across the tropics12. Different ecological processes (for example, pho-
tosynthesis, decomposition, growth, litterfall)32, tree sizes, leaf habits19 
and compartments (for example, above- vs belowground allocations)33 
may differ in response to elevated nutrient input and the nutrient(s) 
that limit them19,33. This can warrant simultaneous multiple nutrients 
(co-)limitation32,33 or shifts in nutrient limitations34 along the vast and 
heterogeneous tropical biome. Understanding such shifts in nutrient 
limitations has become increasingly important as global change effects 
on tropical ecosystems intensify6. The current most-limiting nutrients 
to Afrotropical forest productivity and how they may change in the 
future remain open questions. Whereas P (co-)limitation is common in 
neotropical forests12,15,35, experimental evidence of P-limited productiv-
ity in Afrotropical forests is yet to be reported. A recent meta-analysis 
involving 48 nutrient manipulation experiments (NME) in tropical 
forests12 included neotropics (32), South-East Asia (8) and Hawaii (8), 
but not Afrotropical forests. This imposes a crucial biogeographic 
knowledge gap to understanding mechanisms of plant resilience and 
ecosystem responses to global change. Thus, the identity of limiting 
nutrients, mediating physical stressors and how nutrients control 
productivity in Afrotropical forests remain a notable knowledge gap. 
Furthermore, foliar nutrient ratios as ‘rapid assessment tools36’ vary 
among species over short timescales and have not always correctly 
predicted nutrient limitation as diagnosed by direct NMEs in lowland 
tropical forests37. Whether these shifts in foliar nutrient ratios represent 
changes in nutrient limitations is yet untested in Afrotropical forests. 
On a local–regional scale, these variations may represent environmen-
tal change effects such as drought, nutrient deposition or elevated CO2, 
adaptation strategies and species plasticity38.

In 2018, we established an ecosystem-scale full factorial (N–P–K) 
NME (Supplementary Fig. 1) in a moist semi-deciduous Afrotropi-
cal forest in Uganda. After two years, tree stem growth response to P 
additions was not significant, N additions increased stem growth of 
medium-sized trees (10 cm‒30 cm diameter at breast height (DBH)) in 
the second year, whereas K additions enhanced stem growth (46%) of 
semi-deciduous trees, particularly following a strong and prolonged 
seasonal drought during the first year of the experiment19. The lack of 
stem growth response to P addition was attributed to the near-neutral 
soil pH of the site (Extended Data Table 1), for which P immobilization 
by Al and Fe hydroxides and consequent limitation are unlikely. Here 
we use the same experiment to investigate which (if any) and how 
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Fig. 1 | Nutrient addition effects on leaf litterfall in Budongo Forest Reserve, 
Uganda. a–f, Box plots (25th quartile, median and 75th quartile) and whiskers 
(1.5 × interquartile range) of annual leaf litter production (a–c; n = 16 plots) and 
cumulative leaf litterfall (d–f, mean ± standard error of the mean (SEM); n = 16 
plots) measured bi-weekly from May 2018 to April 2021, pooled for plots with or 
without nitrogen (+N vs −N; a,d), phosphorus (+P vs −P; b,e) and potassium (+K vs 
−K; c,f). b–c and e–f show the reduction effects of P addition in the first year and 

of K addition in the three-year experimental period on leaf litterfall. The y-axis 
breaks in panels a–c represent the omitted range (1–5) of a continuous scale to 
improve the visualization of data points. Statistical analysis was based on a full 
factorial N–P–K experiment. Treatments +N (N, NP, NK, NPK) and −N (control,  
P, K, PK) are pooled in a and d. b,c,e,f follow a similar pooled approach. Grey 
shades represent the dry season (≤100 mm rainfall per month) whereas the 
vertical dashed lines indicate dates of fertilization.
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period of the first year and consistently recurred during dry periods 
of subsequent years (Fig. 1f and Extended Data Fig. 1). Furthermore, 
the delayed peaks of leaf litterfall associated with K addition during 
seasonal droughts (Fig. 2c,d) suggests that K availability affects the 
timing and peak of leaf litterfall by delaying leaf shedding and thereby 
enhancing leaf lifespan. Our results highlight the critical role of K in 
plant leaves through signalling, stomatal conductance and drought 

tolerance24,39 and suggest that K limits leaf litter production in this 
ecosystem (Fig. 1c,f). Trees will shed leaves upon the activation of reac-
tive oxygen species when water-deficit conditions occur. However, 
increased availability of K mitigates the early formation of reactive 
oxygen species in leaves24,39, which, in turn, delays senescence and 
abscission, thereby prolonging the leaves’ lifespan. Moreover, K is rec-
ognized for regulating the stomatal openings of leaf guard cells under 
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Fig. 2 | Temporal response of leaf litterfall to nutrient additions in Budongo 
Forest Reserve, Uganda. a–c, Bi-weekly leaf litter production (mean ± SEM, 
n = 16 plots) measured from May 2018 to April 2021, pooled for plots with or 
without nitrogen (+N vs −N; a), phosphorus (+P vs −P; b) and potassium (+K vs −K; c).  
c, The four-week delayed peak of leaf litterfall in +K treatments during the first 

year’s prolonged dry season and lower leaf litterfall during the dry seasons of 
the three years compared to −K treatments (K × season interactions; F1,48 = 4.49, 
P = 0.039). d, Bi-weekly rainfall corresponding to litter collection dates. Grey 
shades represent the dry season (≤100 mm rainfall per month), and vertical 
dashed lines indicate dates of fertilization.
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water-deficit conditions and thus maintaining stomatal conductance 
and photosynthesis24,39. These results support the increased stomatal 
conductance associated with P and K additions40 and substantiate our 
earlier observation of increased tree stem growth with increased K 
availability during the drier first year of this experiment19. The observed 
K limitation in our site may be due to weathering over a long period41, 
the soil’s sandy texture (Extended Data Table 1) and the high mobility 
of rock-derived and easily dissolvable K+ ions, which altogether may 
have potentially facilitated K+ leaching.

Phosphorus addition resulted in decreased leaf litter production 
specifically during the intense and prolonged dry season in the first 
year (Fig. 1b,e and Extended Data Fig. 1). This response was surprising 
and in contrast to our hypothesis, considering that P limitation was 
originally perceived to be unlikely in this ecosystem. At near-neutral 
soil pH at our site (Extended Data Table 1), P will not be fixed by Al and 
Fe hydroxides, making P available for plant use11. Furthermore, total soil 
P at our site (Extended Data Table 1) was relatively higher than in most 
P-limited central Amazonia soils15 and similar to sites in the Congo Basin 
with sandy texture, where plant function was not P limited42,43. Besides, 

the addition of P increased soil (resin-extracted) P availability by ~80% 
compared with non-P treatment (R.M. and O.v.S., unpublished observa-
tions), suggesting that the bioavailability of P adequately meet plant 
demand. In our experiment, P additions did not increase stem growth of 
over 15,000 trees, indicating that P was not limiting ecosystem produc-
tivity19. We therefore attribute the observed reduction in leaf litterfall 
with P addition during the first year’s prolonged dry season (Fig. 1b,e 
and Extended Data Fig. 1) to drought stress. Drought can decrease soil 
P availability, which, in turn, reduces P uptake by plants16. Addition of 
P may have counteracted this drought effect in the less-intense dry 
seasons of the succeeding two years (Fig. 1e). Phosphorus mitigates 
water-deficit conditions through its role in anti-oxidative enzyme 
activities, osmolyte accumulation and lipid peroxidation levels22,23. 
Additionally, P addition also significantly enhances the leaf relative 
water content (a common plant dehydration index) and net photo-
synthetic rate of drought-stressed seedlings22,23. This may be due to 
the improved ability of root water uptake or moisture conservation 
in the plant tissues44, reducing moisture stress-induced leaf litterfall 
(Fig. 1e). This suggests that rainfall seasonality mediates the relative 
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importance of soil nutrients and their limitation to plant function and 
ecosystem processes.

The lack of treatment effects on total fine litter production may 
be due to the relatively short duration of this experiment (2018‒2021) 
and the differential responses from the diverse tree species19 or lit-
ter categories32 to nutrient additions, which may have masked this 
ecosystem-level response. Indeed, in Venezuelan montane forest, it 
took four years to detect increased response to combined N + P ferti-
lization, despite higher rates of nutrient additions (225 kg N ha−1 yr−1 
and 75 kg P ha−1 yr−1) (ref. 45). Conversely, in lowland central Amazonian 
rainforest, litterfall increased after two years of P addition, but this 
was due to rapid leaf turnover and 10‒20% decrease in leaf lifespan15.

Foliar nutrient responses to nutrient additions
Foliar and leaf litter element concentrations (Fig. 3 and Extended Data 
Tables 4 and 6) were higher compared to those reported in Panama46, 
Costa Rica and the Amazon forests37. Accordingly, the nutrient RE was 
lower (< 30%) in our site than in other tropical forests47, supporting the 
leaf-economics theory that less nutrients are resorbed at high leaf nutri-
ent concentrations and vice versa48. This is because nutrient resorp-
tion represents a nutrient conservation strategy, as soil nutrients can 
become vulnerable to leaching losses14 or fixed in unavailable forms, 
and hence limit plant functions and ecosystem productivity. Although 
the resorptions of N and P have been widely studied47, a dearth of data 
on important cations (for example, resorptions of K and Ca) persists. 
Consistent with the K-limited leaf litterfall and earlier global assess-
ment48, K was the most resorbed nutrient at our site underscoring its 
limitation to ecosystem function. Conversely, the negative Ca resorp-
tion suggests a down-regulation by plants due to the Ca-rich soil at 
our site (Extended Data Table 1). This result was consistent with other 
studies that indicate that Ca, as a structural element in plant cell walls, 
is usually less resorbed than other nutrients during senescence48,49 due 
to its immobility within the plant50. The responses of foliar nutrients 
to nutrient additions were species-specific and considerably variable 
(Extended Data Table 6), posing a challenge to drawing meaningful 
conclusion on nutrient limitation status of the overall ecosystem, as 
espoused by others36. Generally, foliar N of pooled dominant species 
increased with N and P additions, similar to observations in French 
Guiana35. Nitrogen addition increased foliar N in Celtis mildbraedii 
whereas P addition increased foliar P in Celtis durandii, consistent with 
other studies51,52, except for absence of K addition effect on foliar K. 
These highlight that leaf growth, biochemical traits and senescence 
of different species may be limited by different nutrients. Considering 
that our foliar samples were collected at the height of the rainy season 
(October), the lack of increased foliar K in response to K addition may 
be due to K+ leaching from leaf apoplast53 or its adaptive redistribu-
tion to other plant parts as K+ ions are highly mobile in plant leaves54.

The enriched foliar δ15N associated with P and K additions may 
be indicative of a leaky soil N cycle in which light isotopic N were lost 
from the ecosystem during nitrification and denitrification in the soil, 
leaving behind isotopically enriched N for plant uptake55. Ecosystem 
C responses as expressed in leaf litter chemistry was mainly driven by 
N × P × K interaction effects, highlighting the innate complementary 
functions of these nutrients32 in plant metabolism, physiology and 
biochemical adjustments to edaphic changes.

Implications of nutrient-limited drought responses
Increased duration and severity of droughts are expected in most parts 
of the world as a consequence of global climate change9,27,28, with poten-
tially adverse effects on ecosystem productivity. Current trends of 
tropical deforestation have been shown to cause large reductions in 
precipitation9, shifts hydroclimatic regimes7 and predicted to reduce 
precipitation in the Congo catchment by 8–10% in 21009. Consistent 
with other studies56, our results suggest that shifts in the intensity and 
intra-annual distribution of rainfall have profound consequences on 

the relative demands or limitations of nutrients to plants in this eco-
system (Figs. 1 and 2). The prevailing concept of nutrient limitation is 
the assumption that mainly the nutrients added/tested and no other 
factors are limiting productivity32,57,58. We argue that under water-deficit 
conditions, the direction of productivity response to nutrient addi-
tions may change and therefore the mechanisms underpinning those 
responses should be included as basis of nutrient limitation assessment.

Unlike central Amazonia forests15, P limitation in Afrotropical for-
ests have not yet been reported19,42,43 but that could change. Our results 
suggest that terrestrial P availability may limit productivity under 
extremely dry conditions, when low soil moisture hampers root nutri-
ent uptake16,22. Experimentally, K limitations in tropical forests have 
been expressed in increased stem growth19,33,59 and decreased fine root 
allocations60. Our results reveal that K availability controls the timing 
of leaf litterfall peak and leaf litter production, particularly under drier 
conditions, and hence is consistent with K modulation of vegetation 
structure and function61. Given that leaf CO2 assimilation, litter and 
wood production are coupled with climate seasonality19,20 and highly 
sensitive to rainfall threshold of <2,000 mm yr−1 (ref. 4), K limitation 
may be more widespread in tropical forests than suspected. The C-sink 
potential and resilience of Afrotropical forests growing on heavily 
weathered soils, with strong dry seasons (Extended Data Fig. 2c), may 
depend on terrestrial K availability that is yet uncaptured in current 
models26. Global change models might therefore overestimate future 
CO2 uptake while underrepresenting the impacts of nutrient limitation 
with shifts in rainfall seasonality6–9. This highlights the need to improve 
mechanistic representation of ecosystem response to drought stress 
to reduce uncertainties associated with tropical C-sink strength.

Whereas rock-derived P and K are recognized for enhancing plant 
water-use efficiency under drier conditions, torrential rains could 
increase their susceptibility to leaching losses14,24. Furthermore, plants 
with efficient K remobilization capacity will probably survive under 
K-limited and drier environments, thereby triggering shifts in species 
composition or colonization by alien species24. It remains to be evalu-
ated if K input through deposition (4.3 kg K ha−1 yr−1), litterfall (leaf; 
77.4 kg K ha−1 yr−1) and further weathering can offset the observed K 
limitations in this forest. However, K being the most resorbed macro-
nutrient at this site implies that the trees employ a conservative K 
nutritional strategy. We, therefore, expect that K will continue to exert 
stronger controls on primary productivity in this forest and in other 
seasonally dry tropical forests.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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ability are available at https://doi.org/10.1038/s41561-024-01448-8.
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Methods
Study site description
We conducted this research in the Budongo Forest Reserve in north-
western Uganda (31° 32’ E, 1° 44’ N; mean elevation = 1,050 m above sea 
level). This moist semi-deciduous tropical rainforest is situated on an 
uplifted shield, east of the Albertine Rift, and underlain by Precambrian 
gneissic–granulitic rocks62. Soils at the study site are highly weathered, 
well drained (>50 % sand; Extended Data Table 1), and classified as lixi-
sols63, which are mostly found in transition zones between savannahs 
and tropical forests. Moreover, the soils at this site have a near-neutral 
pH, high base saturation and a calcium-dominated cation exchange 
capacity (Extended Data Table 1), attributed to parent material con-
tent19 and depositions of aeolian dust or ash from agricultural activities 
outside the forest64. The region has a bimodal rainfall pattern, with 
dry seasons (<100 mm per month) mostly occurring from December 
to February and in July. Annual air temperature and rainfall averaged 
22.8 ± 0.1 °C and 1,670 ± 50 mm (2000–2019; Budongo Field Station). 
In the first year of our study, the region experienced an extended dry 
season lasting from December to March, resulting in ~30% lesser rain-
fall than in the subsequent year19. Atmospheric nutrient depositions 
measured from rainfall were 8.5 kg N ha−1 yr−1, 0.03 kg P ha−1 yr−1 and 
4.3 kg K ha−1 yr−1 (ref. 19).

Although selectively logged in the 1950s, this forest site did not 
have any other anthropogenic disturbance in the past 60 years65, 
resulting in a higher abundance of mid-stage succession species like 
Funtumia elastica. Vegetation characteristics of the site are typical 
for tropical forests with a high species diversity (126 tree species 
identified in the 32 study plots (~5.12 ha) and canopy heights reach-
ing 50 m). Among trees ≥10 cm, there were cases, stem diameter 
growth rates were 0.011 ± 0.001 cm cm−1 yr−1 and C accumulation was 
2.2 ± 0.4 Mg C ha−1 yr−1 (ref. 19). Tree density classes with stem DBH: 
1–5 cm was 5,938 ± 269; 5–10 cm was 627 ± 30; 10–30 cm was 514 ± 13; 
and >30 cm was 108 ± 5 trees ha−1 (ref. 19). The ten most dominant tree 
species at the site are Funtumia elastica (24%), Celtis mildbraedii (15%), 
Cynometra alexandri (6%; N-fixing species), Celtis durandii (6%), Celtis 
zenkeri (6%), Lasiodiscus mildbraedii (6%), Rinorea ardisiaeflora (6%), 
Trichilia rubescens (4%), Khaya anthoteca (3%), Tapura fischeri (2%) 
and together constitute 78% of tree abundance (trees ≥10 cm DBH) 
(ref. 19). Leaf area index (LAI) in the control plots averaged 3.3 m2 m‒2 
(determined in April 2018−November 2019).

Experimental design and soil analysis
We established a full factorial N–P–K addition experiment consisting 
of eight treatments (that is, control, N, P, K, NP, NK, PK and NPK) with 
four replicates each, assigned randomly in 32 plots (40 m × 40 m each) 
positioned at least 40 m apart (Supplementary Fig. 1). Within each 
40 m × 40 m plot, we laid out a 30 m × 30 m core area where all measure-
ments were conducted to reduce edge effects. We added nitrogen as 
urea ((NH2)2CO) at a rate of 125 kg N ha−1 yr−1, P as triple superphosphate 
(Ca(H2PO4)2) at 50 kg P ha−1 yr−1 and K as potassium chloride (KCl) at 
50 kg K ha−1 yr−1, divided into four applications during the wet season in 
each year, similar to the fertilization method employed in the Gigante 
NME in Panama33. The Ca in the triple superphosphate was unlikely to 
be limiting productivity15 at this site because the site’s exchangeable 
cations were Ca dominated (Extended Data Table 1). For fertilizer appli-
cation, we divided the 40 m × 40 m plot into 10 m × 10 m quadrats to 
facilitate uniform distribution of fertilizers. Within each 10 m × 10 m 
quadrat, pre-packaged fertilizers were mixed with small quantities of 
soil (taken directly adjacent to the plots as filler materials to facilitate 
complete and even fertilizer distribution) and broadcast by hand, walk-
ing forward and backward and subsequently changing directions (east 
to west and north to south). Since May 2018, fertilizer was applied in 
four equal doses each year during the rainy seasons.

Before initial fertilization, we conducted baseline measurements 
of the litter and soil biochemical characteristics (Extended Data Table 1) 

within the core area of each experimental plot. Soil samples were taken 
from ten randomly selected locations per plot at 0−0.1 m soil depth 
and five samples per plot for the lower soil depths (0.1−0.3 m and 
0.3−0.5 m). Soil samples were air dried at room temperature, sieved 
(with 2-mm sieve) and sent to Goettingen University, Germany, for 
analyses. Soil organic carbon and total N were analysed on finely ground 
soils using a CN elemental analyser (VARIO EL Cube, Elementar Analysis 
Systems GmbH). Soil pH was analysed in 1:2.5 of soil-to-distilled water 
ratio. Soil 15N natural abundance was analysed using isotope ratio mass 
spectrometry (IRMS; Delta Plus, Finnigan MAT). Exchangeable cations 
(Ca, Mg, K, Na, Al, Fe and Mn) were determined by percolating the soil 
samples with unbuffered 1 M NH4Cl, and cation concentrations in per-
colate were determined using the inductively coupled plasma-atomic 
emission spectrometer (ICP-AES; iCAP 6300 Duo VIEW ICP Spectrom-
eter, Thermo Fischer Scientific GmbH)66. Soil total P was measured 
by digesting the soil samples in high pressure with 65% HNO3 and the 
digests were analysed for P using ICP-AES67. For each plot, soil texture 
was determined from a composite sample using the pipette method 
after iron oxide and organic matter were removed68. Soil bulk density 
was measured by core method69 at depths of 0.05 m, 0.2 m and 0.4 m 
from soil pits dug next to each plot.

Fine litter production and leaf litter chemistry
Fine litter production was measured bi-weekly for three consecutive 
years using four randomly placed 0.75 m × 0.75 m litter collectors per 
plot, similar to earlier studies33. These collectors were constructed 
from PVC pipe frames and 1-mm plastic mesh. Fine litter was collected 
bi-weekly and separated into seven categories: leaves, flowers, fruits, 
wood ≤2 cm diameter, epiphytes (Extended Data Table 2) and unclas-
sified (others), following established methods70. Subsequently, the 
samples were oven dried at 60 °C until the constant mass was achieved 
usually 48−72 hours (season dependent) and then weighed. Due to 
labour shortage, only leaves were separated in the third year. We calcu-
lated annual litter production as a sum of all litterfall for 12 consecutive 
months (from May to April of the next year). We also collected pooled 
samples of leaf litter per plot in May 2018 (pre-treatment) and ~1.5 
years into the experiment for chemical analyses. Litter samples were 
finely ground, digested in high pressure with 65% HNO3 and the digests 
analysed for P, K, Ca, Mg, S, Al and Fe concentrations using ICP-AES; 
C and N concentrations were determined on ground samples using 
a CN elemental analyser and 15N natural abundance using IRMS, as 
mentioned above.

Sunlit leaves, leaf area index and nutrient resorption 
efficiency
As is typical in most tropical forest, there is a high abundance of only 
a few species and rarity of many identified species19, making it logisti-
cally challenging to sample fresh leaves for all species within each plot. 
Thus, we collected 160 sunlit leaf samples (5 tree species × 32 plots) 
(ref. 71) from the five most dominant species per replicate plot. This 
dominance is based on their importance value index (IVI)72, which is the 
sum of relative density, relative frequency and relative basal area, all 
expressed as a percentage. There were cases where a species of interest 
was not found in a given replicate plot; thus, the leaves of a substitute 
species (which is next in the IVI ranking) was sampled, resulting in a 
total of seven species (Celtis durandii, Celtis mildbraedii, Celtis zenkeri, 
Cynometra alexandri, Funtumia elastica, Khaya anthoteca, Lasiodiscus 
mildbraedii) across the plots, which together represented ~67% of the 
site’s tree abundance (≥10 cm DBH). The selection of an individual tree 
to represent a given species within each plot was done randomly. The 
foliar element concentration (mass basis) of the tree species within 
each replicate plot was dominance-weighted73 to obtain plot-level  
values.

For the purpose of species-specific foliar nutrient response to 
nutrient addition, we selected only four of the seven dominant tree 
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species (Funtumia elastica, Celtis mildbraedii, Celtis durandii, Cynome-
tra alexandri), as these species were present in at least three replicate 
plots enabling sound statistical testing. Together, these four species 
accounted for ~51% of tree stem abundance19. We then determined 
their element concentrations and δ15N natural abundance (same ana-
lytical method as the leaf litter samples). The stoichiometry (that 
is, N:P ratios) in leaves can indicate nutrient limitations36, whereas 
the δ15N natural abundance in sunlit leaves and leaf litter can indi-
rectly indicate increases in N losses74. With tree canopy heights reach-
ing up to 50 m at this site, sampling sunlit leaves was challenging. 
We used a big throw bag slingshot (Notch SET1025) as a throw-line 
launcher; the line was equipped with a throw weight and a portable 
chainsaw for cutting down small tree branches. Sampling of sunlit 
leaves was done after ~1.5 years (October 2019) of the nutrient addition  
experiment.

In April 2018 (before the start of the experiment) and in October 
2019 (~1.5 years of the nutrient addition experiment), we measured 
LAI using an automated fisheye lens camera (Solariscope, Behling 
SOL300). This device calculates LAI by analysing hemispherical pho-
tographs75, taken under sky-overcast conditions between 12.00 p.m. 
to 2.00 p.m. at 1 m above the ground facing skyward, from the centre 
of each of the 16 quadrats (10 m × 10 m each) per plot.

Additionally, we estimated nutrient resorption efficiency, which 
is the proportional withdrawal of nutrients during leaf senescence 
in plants, based on the nutrient concentrations (mass basis) of sun-
lit leaves and leaf litter (sampling described above) as: (sunlit leaf 
(mg g‒1) ‒ leaf litter (mg g‒1)) / sunlit leaf (mg g‒1)) × 100 (ref. 76). For 
nutrient resorption efficiency, we used all sunlit leaf samples collected 
from the five dominant tree species per plot (totalling to the 160 leaf 
samples), as these were likely to mirror the species composition of leaf 
litter within the litter traps at the plot level.

Statistical analysis
For annually estimated parameters (total fine litterfall, leaf litterfall, 
twigs, barks, reproductive litter), linear mixed-effect (LME) model (lme 
function in the ‘nlme’ package) was used to test the effects of nutrient 
treatments and experimental years in the full factorial N–P–K design. 
In the LME, nutrient treatment, experimental year or seasons (to test 
for effects of nutrient treatments seasonally) were considered as fixed 
factors whereas replicate plots were random effect. The significance of 
the fixed effect was evaluated using analysis of variance (ANOVA)77. If 
residual plots revealed non-normal distribution or non-homogeneous 
variance, we log-transformed the data (that is, flowers, fruits and litter 
residues) and then repeated the analyses. Parameters measured only 
once (leaf litter chemistry, sunlit leaf chemistry) and baseline measure-
ments (soil characteristics before the start of experimental treatments) 
were analysed using full factorial ANOVA (‘lm-function’). In cases where 
no significant interaction effects were detected between the different 
fertilization nutrients and by reason of simplified graphical visualiza-
tion, results are shown as plots with a specific nutrient not added (for 
example, −N; n = 16 plots) against plots where that nutrient was added 
(for example +N; n = 16 plots)60. In all tests, statistical significance was 
set at P ≤ 0.05. All statistical analyses were performed using the statisti-
cal package R version 3.6.278.

Data availability
Data are available from Göttingen Research Online at https://doi.org/ 
10.25625/SB1I57 (ref. 79).
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Extended Data Fig. 1 | Dry season lengths (number of months with 
precipitation < 100 mm month−1) at the Budongo Forest Reserve, Uganda. 
Data extends from 2000 to 2021 measured at the Budongo Conservation Field 
Station. Nutrient addition experimental period was from 2018 to 2021; the 

prolonged dry season of the first year of the experiment lasted four consecutive 
months (2018/19), second year had only two dry months (2019/20), and the third 
year had three dry months (2020/21).

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-024-01448-8

Extended Data Fig. 2 | Extent of seasonally dry Afrotropical forests on  
heavily weathered soils, showing study location in Uganda (red dot).  
a-c, Afrotropical forests cover distinguished between rainforests and seasonally 
dry tropical forests (moist deciduous forests and seasonally dry forests) based on 
the Global Forest Resources Assessment80 (a). Heavily weathered soils dominated 
by low activity clays (Ferralsols, Acrisols, Lixisols, Nitisols) and less weathered 
soils dominated by high activity clays (Cambisols, Luvisols, Vertisols, Planosols, 

Alisols) in the African tropics using the 250 m SOILGRID dataset81 classified 
according to FAO World Reference Base for soil resource63 (b). Only seasonally 
dry forests (that is, experience dry seasons (precipitation < 100 mm month−1) of 
three or more consecutive months) on heavily weathered soils dominated by low 
activity clays and likely to exhibit nutrient limitation with increasing drought 
conditions (c).
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Extended Data Table 1 | Soil physical and chemical characteristics (mean ± SE; n = 32 plots) measured before the start of the 
nutrient addition experiment

aValues represent depth-weighted (0 − 10 cm, 10 − 30 cm, 30 − 50 cm) averages of the soil characteristics, except for element stocks, which represent the sum of the entire 50 cm soil depth.  
b Effective cation exchange capacity (ECEC); base saturation is the sum of exchangeable bases (Ca, Mg, K and Na) ÷ ECEC × 100.
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Extended Data Table 2 | Annual fine litter production (Mg ha−1 year−1; mean ± SE, N = 4 plots) in full factorial N-P-K experiment 
in the Budongo Forest Reserved, Uganda

Bi-weekly litter production was summed for 12 consecutive months, and annual values were averaged for the three-year experimental period (May 2018−April 2021), and the remaining 
categories (twigs, barks, fruits, flowers, epiphytes and ‘others’) were averaged for the first two years.
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Extended Data Table 3 | The F statistics of full factorial N-P-K experiment with linear mixed-effect models, testing treatment 
effects on fine litter production (within columns, bolded F values indicate significant effects at P < 0.05) in the Budongo 
Forest Reserve, Uganda
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Extended Data Table 4 | Leaf litter chemistry (mean ± SE, n = 4 plots) after ~ 1.5 years of the full factorial N-P-K experiment in 
the Budongo Forest Reserved, Uganda
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Extended Data Table 5 | The F statistics of the full factorial N-P-K experiment, testing treatment effects on leaf litter 
chemistry (within columns, bolded F values indicate significant effects at P < 0.05) in the Budongo Forest Reserved, Uganda
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Extended Data Table 6 | Foliar chemistry (mean ± SE, n = 3 or 4 plots) of the four dominant tree species after ~ 1.5 years of the 
full factorial N-P-K experiment in the Budongo Forest Reserved, Uganda

Species contribution to stem abundance of trees ≥ 10 cm diameter at breast height and the leaf habit of the tree species are shown in parenthesis.
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Extended Data Table 7 | The F statistics of the full factorial N-P-K experiment, testing treatment effects on foliar chemistry of 
the four most dominant tree species (within columns, bolded F values indicate significant effects at P < 0.05) in the Budongo 
Forest Reserve, Uganda
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Extended Data Table 8 | Nutrient resorption efficiency (mean ± SE, n = 4 plots) after ~ 1.5 years of the full factorial N-P-K 
experiment in the Budongo Forest Reserved, Uganda

Note: Nutrient resorption efficiency (%) = (element concentrations in sunlit leaf a − element concentrations in leaf litter) ÷ element concentrations in sunlit leaf × 100%76. a Values of sunlit leaves 
representing each replicate plot were weighted by the importance value index (IVI)72 of the tree species sampled in that plot (that is, the sum of the products of a species’ nutrient content and 
its IVI divided by the sum of their IVIs). Trees measured comprise seven species (Celtis durandii, Celtis mildbraedii, Celtis zenkeri, Cynometra alexandri, Funtumia elastica, Khaya anthoteca, 
Lasiodiscus mildbraedii; altogether, these species contribute 67% of the entire study site’s tree abundance19).
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