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Abstract. This study was conducted in an unmanaged tropical rainforest in French Guiana, in which either nitrogen (N),
phosphorus (P) or a combination of N and P fertilisers were experimentally added to the soil. Here, we focused on the effects
of fertilisation on photosynthetic capacity and growth of saplings in the understorey of the rainforest. We measured sapling
photosynthesis and stem dimensions (height and diameter) after eight years of fertilisation, and compared these with pre-
fertilisation data. In addition, we measured overstorey leaf area index, soil nutrients, foliar leaf nutrients, leaf morphology,
total sapling leaf area and the leaf arca/wood volume ratio. The results showed that an increase in available soil nutrients
contributed to an increase in leaf area of tree canopies, reducing the light availability for saplings in the understorey, eliciting
shade adaptations, such as an increase in specific leaf area and an increase in height increment. There was no fertilisation
effect on the growth and photosynthesis of saplings that overrides the increase in light limitation. Nonetheless, the effect of
fertiliser was significantly different among species, making it likely that fertilisation on the long-term will lead to a change in

the composition of tropical rainforests.
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1 Introduction

Tropical rainforests contain a wealth of biodiversity, drive the global water cycle and serve as an important buffer against
global warming by absorbing about 40 billion tons of CO; annually (Hikosaka et al., 2005; Luyssaert et al., 2007; Beer et al.,
2010; Hasegawa et al., 2016; Wright, 2019; Lugli et al., 2021; Ellsworth et al., 2022; Vallicrosa et al., 2023; Lugli et al.,
2024). Tropical forests are, however, increasingly threatened by human impact; large rainforests areas are being cleared to
make way for agriculture to feed the growing global population (Feng et al., 2021; Li et al., 2021; Tandalla et al., 2024). This
agriculture is often over fertilised, with excess nutrients leaching out into tropical rainforests (Tandalla et al., 2024). Besides
leaching, nutrients also enter these ecosystems via atmospheric deposition, with nutrients originating from upwind biomass
burning and industry (Bauters et al., 2018; Li et al., 2021; Tandalla et al., 2024, Descals et al., in press). To date, little is
known about how these nutrient inputs affect tropical rainforests, which is why several large-scale nutrient enrichment
studies have been initiated (Holste et al., 2011; Pasquini and Santiago, 2012; Santiago et al., 2012; Magalhaes et al., 2014,
Wright, 2019; Verryckt et al., 2020; Lugli et al., 2021; Vallicrosa et al., 2023).

If nutrient inputs affect the photosynthetic capacity of rainforests, it is important to know the effect thereof on the amount of
CO; taken up from the atmosphere during photosynthesis, also known as gross primary production (GPP) (Beer et al., 2010).
In most undisturbed tropical forests, trees accumulate carbon (C), albeit very little relative to the total ecosystem GPP
(Luyssaert et al., 2007). Rainforest plants are C sinks during their growth and trees can accumulate large amounts of biomass
(Korner, 2003; Baccini et al., 2017; Ellsworth et al., 2022; Lugli et al., 2024; Trugman and Anderegg, 2025), yet at least half
of the stored C resides underground as undecomposed plant litter and soil organic matter (Luyssaert et al., 2007). Besides
accumulation in biomass, about half of the GPP is used to produce energy via autotrophic respiration (like most other
ecosystems) (Vicca et al., 2012). Finally, a large part of the GPP (15-20 %) is invested in mechanisms for nutrient uptake
like maintaining the root system, maintaining symbiotic interactions with mycorrhiza, producing enzymes (such as
phosphatases) or root exudation to chelate nutrients or to stimulate microbial activity (de Grandcourt et al., 2004; Hikosaka
et al., 2005; Vicca et al., 2012; Hasegawa et al., 2016; Gargallo-Garriga et al., 2018; Lugli et al., 2021; Hildebrand et al.,
2023; Lugli et al., 2024). In tropical forests, investment in nutrient acquisition is large because tropical soils are often deeply
weathered and thus nutrient-poor, with most nutrients stored in living plants and the remainder locked up in soil organic
matter or strongly bound to minerals (Hikosaka et al., 2005; Quesada et al., 2012; Lugli et al., 2021; Lugli et al., 2024). Due
to this major investment in nutrient acquisition, on average only 42 % GPP can be invested in biomass production, in sharp
contrast with forests growing on fertile soils that invest on average 58 % of GPP in biomass production (Vicca et al., 2012;
Fernandez-Martinez et al., 2014). The photosynthetic capacity and the allocation of GPP to growth thus depends on
availability of key nutrients, such as P or nitrogen (N) (Croft et al., 2017; Slot and Winter, 2018; Peng et al., 2021; Ellsworth
et al., 2022). To protect rainforests from further degradation, it is important to properly understand soil and vegetation

processes responsible for regeneration dynamics and investigate the impact of human activities (Tandalla et al., 2024).
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A unique phenomenon in tropical rainforests is the dynamic relation between saplings and mature trees. Because dominant
tall trees and the abundant lianas and epiphytes growing on branches develop a highly intricate canopy (that results in a large
leaf area index: LAI), saplings receive extremely low photosynthetic photon flux densities (PPFD), on average less than two
percent of the incoming PPFD (Montgomery and Chazdon, 2002; Verryckt et al., 2020). This is why light is often seen as the
most limiting resource in rainforests understoreys (Pasquini and Santiago, 2012; Santiago et al., 2012). As such, rainforest
saplings go through a huge bottleneck before reaching the canopy. Which saplings survive these dark conditions ultimately
determines the species composition and diversity of the rainforest. This species-specific sapling survival and growth also
depends on available resources, such as light and nutrients (Fahey et al., 1998; Kobe, 1999; Holste et al., 2011; Tandalla et
al., 2024).

Due to the light-limited conditions, saplings can only achieve sufficient photosynthesis to sustain (faster) growth when a tree
or a branch falls and more light reaches the forest floor through the newly formed canopy gap (Montgomery and Chazdon,
2002; Takahashi and Rustandi, 2006; Holste et al., 2011; Pasquini and Santiago, 2012; Santiago et al., 2012). With the
exception of pioneer species, rainforest tree saplings are adapted to the low PPFD and manage to survive for a long time with
low metabolic activity, until an opening appears in the canopy (Verryckt et al., 2020). Until this moment, saplings produce
leaves with high specific leaf area (SLA): thin leaves with a large surface area with the aim of increasing light capture under
shaded conditions with the lowest possible resources investment. In these thin leaves, the concentration of photosynthetic
proteins is lower than in thicker leaves, which contributes to the slow growth of saplings in the understorey of a tropical

rainforest (Anten and Hirose, 1998; Hikosaka et al., 2005; Bucci et al., 2006; Magalhaes et al., 2014).

Besides light availability, nutrient availability is also an important determinant of sapling growth (Hikosaka et al., 2005;
Montagnini, 2000; Holste et al., 2011; Magalhaes et al., 2014; Chou et al., 2018; Wright et al., 2018). Not only in favourable
light conditions, but even at low light availability, nutrient deficiency can cause limited photosynthesis and growth (Pasquini
and Santiago, 2012; Santiago et al., 2012). As stated above, rainforests are usually characterised by nutrient deficient soils,
although nutrient availability can vary greatly at microscale (Magalhaes et al., 2014; Wright, 2019; Van Langenhove et al.,
2021; Ellsworth et al., 2022). Due to these nutrient-poor soils, saplings depend on litter fall from surrounding trees and
decomposition for nutrient availability (Chou et al., 2018). While base cations such as potassium (K), magnesium (Mg) and
especially calcium (Ca), have been reported to limit tropical tree growth (Holste et al., 2011; Magalhaes et al., 2014; Bauters
et al., 2022), in general soil P is considered the most growth-limiting element in tropical ecosystems (Walker and Syers,
1976; Lambers et al., 2008; Quesada et al., 2009; Pefiuelas et al., 2013; Dalling et al., 2016). Nitrogen is typically not the
most limiting element due to the abundance of N-fixing heterotrophic- or root-associated microbes (Hedin et al., 2009;
Domingues et al., 2010; Holste et al., 2011; Santiago et al., 2012; Hasegawa et al., 2016; Wright et al., 2018; Du et al., 2020;
Lugli et al., 2021; Ellsworth et al., 2022; Vallicrosa et al., 2023; Lugli et al., 2024).

3
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Given the low soil P availability in tropical rainforests, plants have developed strategies to overcome P limitation (Hidaka
and Kitayama, 2013; Wright et al., 2018; Van Langenhove et al., 2020; Urbina et al., 2021; Gargallo-Garriga et al., 2024).
For example, tropical trees can use nutrients more efficiently, resorb more nutrients prior to leaf and root abscission, exude
more chelating molecules and form associations with mycorrhiza to acquire nutrients more easily (Lambers et al., 2009;
Magalhaes et al., 2014; Wright et al., 2018; Jiang et al., 2019; Urbina et al., 2021). While all supplying the least abundant
element (P), these mechanisms come at a large C investment, explaining the low fraction of GPP that is invested in biomass

growth in tropical forests (Vicca et al., 2012).

The amount of N present in leaves is often a good measure of photosynthetic capacity (Pasquini and Santiago, 2012). Much
of this leaf N is invested in the enzyme rubisco (10-30 %) and other molecules important for photosynthesis, such as
thylakoid membrane-bound proteins (Medlyn, 1996; Hikosaka et al., 2005; Pasquini and Santiago, 2012; Ellsworth et al.,
2022). Exactly how much leaf N is invested in photosynthesis depends on the plant N strategy (Luo et al., 2021). At the
global scale the link between photosynthetic capacity and foliar N concentration is stronger than the link with P (Jiang et al.,
2019). However, in ecosystems where P is limited this relationship between photosynthesis and foliar N is less strong as the
supply of electrons via ATP and NADPH generated in the light reactions is also a rate-limiting factor of photosynthesis (in

addition to rubisco) and in tropical trees it depends on the concentration of leaf P (Ellsworth et al., 2022).

In general, fertilisation (with N and P) in tropical rainforests stimulates P accumulation in tree biomass more than N
accumulation, not only in leaves but also in stem, branch and root tissues (Ostertag et al., 2010; Pasquini and Santiago, 2012;
Lugli et al., 2024). The P storage in the latter plant organs is even higher than the storage in the leaves, possibly to avoid
increased risk of herbivory (Mao et al., 2021). The reason P accumulation is higher than N accumulation, is due to
evolutionary pressures that increase survival rates in P-limited forests (Lambers and Shane, 2007). Because of this, plants
take up available P even when they do not need it, to prevent surrounding plants from taking up this scarce resource (P) and
eventually outcompete the neighbours. These plants have therefore evolved a high capacity to take up P as well as a large
storage capacity (Lambers and Shane, 2007). Moreover, tropical rainforests tend to have an open N cycle, as evidenced by
enriched N isotope compositions of soils and plant tissues and by high nitrification and denitrification rates (Amundson et
al., 2003; Craine et al., 2015; Liao et al., 2021). Since sufficient N is already present, it is likely that plants' N storage is
already saturated.

When fertilised, saplings experience higher nutrient availability, which will allow them to alter their C allocation by
reducing C investments in nutrient acquisition (mycorrhizae, exo-enzymes, exudates) towards increased investment in light
interception, photosynthesis and growth. These hypothesised adaptations highlight the interactions between light limitation

and nutrient availability (Pasquini and Santiago, 2012; Sellan et al., 2025). Yet there is disagreement about the interaction

4
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between light and nutrient availability in the understorey of tropical rainforests (Pasquini and Santiago, 2012; Santiago et al.,
2012; Magalhaes et al., 2014). Fertilisation experiments are therefore being conducted in various locations around the world
to find out whether soil nutrient availability (besides light availability) has an effect on survival, growth and CO;
assimilation capacity (Holste et al., 2011; Pasquini and Santiago, 2012; Santiago et al., 2012; Magalhaes et al., 2014; Wright,
2019; Vallicrosa et al., 2023).

Therefore, the goal of the study was to examine the effect of a combined N and P fertilisation on growth of saplings in a
tropical rainforest. Nitrogen and P additions are expected to increase N and P availabilities in the soil, along a topographical
gradient (valley bottoms, slopes and plateau ridges). The main hypothesis is that fertilisation leads to an increase in sapling
growth, but that this increase is limited by the increase in overstorey LAI (and thus an increase in light limitation) as a result
of this fertilisation. Figure 1 gives a schematic overview of the sub-hypotheses in this study and how they are linked to each
other. As mentioned, we hypothesised that adding N and P leads to higher N and P availability in the soil (Hypothesis 1:
H1). We expected that the increased nutrient availability in the soil will cause higher N and P concentration in the leaves of
saplings (H2). We also hypothesised that the increased nutrient availability in the soil leads to higher overstorey LAI and
thus lower light availability in the understorey (H3). Increased leaf nutrient concentrations are also expected to enhance
photosynthetic capacity per unit leaf area (H4). However, we expected this positive effect to be counteracted by a negative
impact of the increase in overstorey LAI (HS). An increase in photosynthetic capacity will probably contribute to an increase
in sapling growth, although this effect may also be counteracted by the impact of the increase in overstorey LAI (HO6).
Finally, the growth of aboveground plant parts may also increase due to cheaper nutrient acquisition driving a C allocation
shift towards growth of aboveground biomass (this direct impact could not be tested and is therefore not included statistically
as hypothesis). The influence of different species and different topographical positions on these hypothesised effects is also

investigated here.
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N & P addition

H1(+) | (+)forP

Total soil N & P

H2 (+)l (+) for some species

Sapling leaf N & P

H3(+) | (+) H4 (+) | No fertilisation effect (+)

Sapling photosynthetic capacity

H5(-) / () (+)

Sapling growth

H6 (-)
=» Overstorey LAI >

Figure 1: Overview of the hypotheses tested in this study in red. Each arrow represents an effect; whose hypothesised direction is
represented by the sign. The results found in this study are shown in blue.

2 Materials and methods
2.1 Study area

Data was collected in a pristine rainforest in French Guiana, situated 5° north of the equator in South America. French
Guiana has a tropical wet climate, with air temperature fairly constant around 26 °C throughout the year. Typical of the
climate at this latitude is the alternation of a wet and a dry season (wet from December to July and dry from August to
November). All data was collected during the dry season (August-September 2024) at the Paracou Research Station (5° 15’
N, 52° 55" W). The average density of trees (with diameter > 10 cm) at the site is 587 trees per hectare and the average
canopy height is 35 metres (Bonal et al., 2008; Van Langenhove et al., 2021; Llusia et al., 2022; Verryckt et al., 2022). The

soil type at this research site is a nutrient-poor Acrisol, with very low P availability (Van Langenhove et al., 2021).
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2.2 Plots and experimental set-up

Twelve plots were created in 2015, each measuring 50 by 50 metres. The plots were located at three different topographical
positions: hill top, hill slope and valley bottom (Courtois et al., 2018; Van Langenhove et al., 2021; Llusia et al., 2022;
Verryckt et al., 2022). The slope plots contain more clay than the bottom and top plots, therefore they retain more nutrients.
Bottom plots are the most weathered and contain a higher proportion of quartz than the slope and top plots. The soil
differences in texture and mineral composition are due to millennia of erosion and water dynamics in the different
topographies (Van Langenhove et al., 2021). Since 2016, these plots have been part of a fertiliser addition experiment aimed
at studying the long-term effects of fertilisation on forest functioning and biodiversity (e.g. Peguero et al., 2022; Verryckt et
al., 2022; Sardans et al., 2023; Gargallo-Garriga et al., 2024). Through these plots there were four different fertilisation
treatments: a treatment receiving only N, a treatment receiving only P, a treatment with N and P combined (NP) and a
control treatment, where no fertilisation was carried out. Fertiliser was applied by hand twice a year between 2016 and 2019
(once during the wet season and once during the dry season), and once a year from 2020 onwards (during the dry season).
We used commercial urea ((NH2).CO; N) and triple superphosphate (Ca(H,POs),; P) at rates of 125 kg N ha-1 yr-1 (N
treatment), 50 kg P ha-1 yr-1 (P treatment) or 125 kg N ha-1 yr-1 and 50 kg P ha-1 yr-1 (NP treatment) as fertiliser.

This research focuses on the effects of fertiliser addition on saplings (defined as trees less than two metres in height). Our
data was compared with the data before fertilisation started (following eight years of fertiliser addition). This study focuses
on only six of these fertilisation plots, by comparing saplings in the NP combined treatment and in the control treatment at

the three different topographic locations.

2.3 Tree selection

We selected four species that had been measured in 2016 in the NP and control plots: Oxandra asbeckii (Pulle) R.E.Fr.,
Iryanthera hostmannii (Benth.) Warb., Licania alba (Bernoulli) Cuatrec. and Lecythis persistens Sagot (Appendix A). In the
fertilised bottom and slope plots, there was no 2016 data for the species O. asbeckii and L. persistens respectively. In these

plots, therefore, no comparison could be made for these two species.

2.4 Data collection
2.4.1 Soil nutrient concentrations

In each plot, soil samples were taken at five locations (four at the corners of the plot and one centrally) in the topsoil (0—10
cm) using a soil corer. The samples were oven-dried at 40 °C for 72 hours. After drying, each sample was sifted with a 2-mm

sieve to remove roots and coarse organic matter. After sieving, the dried samples were ground to fine powder using a ball
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mill MM 200 (Retsch GmbH, Haan, Germany). The ground samples were analysed for C and N concentration by dry
combustion, based on the Dumas method using an elemental analyser FLASH 2000 (Interscience, Louvain-la-Neuve,
Belgium). Total P analysis was done using a nitric acid digestion and samples were ultimately analysed with the

spectrometer ICP-OES (iCAP 6300 Duo, Thermo Scientific).

2.4.2 Leaf traits

For all collected leaves, leaf area was determined the same day in the lab, before leaf deformation occurred due to
desiccation. Leaf area was measured with the leaf area meter LI-3100C (LI-COR, Lincoln, NE, USA). After this, leaves
were labelled in paper bags and then put into the drying oven at 40 °C for at least 48 hours. These paper bags were then
clustered by plot in a plastic bag and transported to Belgium. In the lab, leaves were dried for a further 48 hours at 40 °C to
ensure the leaves did not reabsorb moisture. They were then cooled in a dessicator. After this, the dry mass of the leaves
could be measured using the MC-1 AC210S Analytical Balance (Sartorius, Gottingen, Germany). From the previously

measured leaf area and dry mass, SLA was calculated.

Finally, the dried leaves were ground to fine powder using a ball mill MM 200 (Retsch GmbH, Haan, Germany). The fine
powder obtained was used for further chemical analysis, part of it was used for N content determination and part of it was

used for P content determination. The same methods were used as in the determination for soil nutrient concentrations.

2.4.3 Overstorey leaf area index (LAI)

Above all saplings, the leaf area index (LAI; the surface area of leaves per unit soil surface area) of the forest canopy was
measured with the LAI-2000 Plant Canopy Analyser (LI-COR, Lincoln, NE, USA) as an approximation of light availability.
The overstorey LAI was determined by comparing the synchronous data from above the canopy with the data above a given
sapling (light transmittance), assuming that light transmittance declines exponentially with the number of leaves the light
encounters. The LAI-2000 sensors have a hemispherical lens divided into five concentric rings allowing the attenuation of
diffuse sky radiation to be measured, the central zenith angles of these rings are: 7°, 23°, 38°, 53° and 68° (Li-Cor, 1992;
Cutini et al., 1998; Garriques et al., 2008). After the measurements were made in the field, the collected data was transferred
to the computer via the FV2000 software. Using this software, the number of rings was adjusted from five to two (7° and
23°), as the interest was on the incident light right above the sapling. Field LAI measurements require even skies, which is

why measurements were taken just after sunrise (6 am-7 am LT) or just before sunset (5 pm-6 pm LT) each time.

2.4.4 Sapling photosynthesis

Leaf gas exchange of saplings was determined using a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln, NE,
USA). To enable comparisons with the 2016 data, the same settings were applied (Verryckt et al., 2022): the photosynthetic

photon flux density (PPFD) was set at 500 umol m s’!, the air flow rate was set at 500 umol s, the CO, concentration was

8
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kept at 400 ppm and the chamber block temperature was controlled at 30 °C. The area of the chamber was set at 6 cm? (2x3
cm), implying that of each sampled leaf photosynthesis was measured on a 6 cm? area, and the stomatal ratio was set at 0.5.
From the change in CO; and H,O concentrations, the air flow, temperature and the chamber surface area, photosynthesis and
stomatal conductivity could be calculated. Measurements were made between 9am and 3pm and were all made on leaves still

attached to the saplings (i.e. not on cut twigs).

Light-saturated photosynthesis (Asat) and stomatal conductance (gs) were measured for five individuals per species per plot
(sometimes an additional measurement was made), a total of at least 25 Asat measurements were thus made per plot. In the
slope plots, no photosynthesis measurements had been made in 2016, so no comparison could be made for this topography
type. Measurements were taken on one leaf per sapling, mature leaves were always selected with medium size and with as
few traces of herbivory and epiphytes cover as possible. All leaves on which photosynthesis measurements were performed,

were collected for further analysis (as described above).

2.4.5 Sapling growth

The height and stem diameter were measured of all selected saplings, with the aim of calculating the growth compared with
the measurements made in 2016. In order to make this comparison, only saplings that showed undisturbed growth were used
(i.e. saplings without broken branches or stem). Sapling height was measured with a tape measure, stem diameter was
measured with a calliper, at 10 cm height and 50 cm height (same procedure as in 2016). The increment was then calculated
by subtracting the 2016 measurements from the 2024 measurements. Besides height and diameter, the number of leaves of
each sapling was counted. Calculation of stem volume was approximated using the cone formula (with the diameter

measured at 10 cm height as the base of the cone).

2.5 Statistical analysis

All statistical analyses were performed using RStudio (version 2023.12.0+369), which draws on R (version 4.3.2 (2023-10-
31); R Core Team, 2022). For the analysis, following packages in R were used: readxl (version 1.4.3), tidyverse (version
2.0.0), emmeans (version 1.11.0), car (version 3.1-3), gdata (version 3.0.1), minpack.Im (version 1.2.4). All graphs were
made with the ggplot2 package (version 3.4.4) and put together with the patchwork package (version 1.3.0). Model
assumptions like linearity, normality, homoscedasticity and the absence of high leverages or outliers were checked, using the
diagnostic plots in combination with the Shapiro-Wilk normality test. All analyses were performed using p-values, based on
the 95 % confidence interval. The main statistical model was an ANCOVA model, with treatment, species, topography and
overstorey LAI as key explanatory variables (sometimes ANOVA, when overstorey LAI had no statistically significant

effect).
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3 Results
3.1 Soil nutrient concentrations

Eight years of P and N addition significantly increased soil P concentrations in the fertilised plots (p = 0.0005; Fig. 2c),
whereas soil C and N concentrations did not (for C: p = 0.2265, Fig. 2a; for N: p = 0.7442; Fig. 2b) and even decreased. Soil
N concentrations decreased in all plots, fertilised and unfertilised, proportional with the decreases in soil C concentration,

suggesting a decline in soil organic matter between the 2015 and 2024 sampling.

2015 average C concentration (%)

2015 average N concentration (%)

2015 average P concentration (%)
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Figure 2: Average soil C concentrations measured in 2024 compared with measurements in 2015 in (a), where the blue dashed line
indicates the 1:1 line (n=5). In (b), same is represented but this time for soil N concentrations. In (c) this is represented for soil P
concentrations.

Increased or unaltered soil nutrient concentrations do not necessarily imply increased or unaltered nutrient availabilities. If
the increased soil P would be strongly bound to the minerals, P availability would not be higher. If part of the added N
fertiliser had already been taken up by the saplings at the time of the sampling, N availability was increased despite unaltered
soil N concentrations. Therefore, it is also interesting to look at foliar leaf concentrations in order to gain a deeper

understanding.

3.2 Foliar nutrient concentrations

With regard to foliar N concentration, despite the unaltered soil N concentrations at the time of sampling, there was a
significant N concentration increase in the saplings growing in the fertilised plots for two of the four species (Fig. 3b). These
species were O. asbeckii (p < 0.0001) and I hostmannii (p = 0.0025). Although the other species exhibited no change in

foliar N concentration, we can assume that soil N availability indeed increased upon fertilisation.

Foliar P concentrations increased significantly for three of the four sapling species in the fertilised plots, namely L.
persistens (p = 0.0008), O. asbeckii (p < 0.0001) and I hostmannii (p < 0.0001). The strongest increase in foliar P
concentration was observed in O. asbeckii and 1. hostmannii, the same species that also showed an increase in foliar N
concentration in the fertilised plots (Fig. 3a). Figure 3c shows that for most saplings there was a stronger increase in foliar P

concentrations compared to foliar N concentrations between 2016 and 2024.
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Figure 3: In (a) the foliar P concentration measured in 2024 is compared with the measurements made in 2016. The blue dashed
line indicates the 1:1 line. Points above the line indicate an increase in foliar P concentration, points below the line indicate a
decrease between 2016 and 2024. In (b) the foliar N concentration measured in 2024 is compared with the measurements made in
2016. The blue dashed line indicates the 1:1 line. Points above the line indicate an increase in foliar N concentration, points below
the line indicate a decrease between 2016 and 2024. In (c) the relative change in foliar P concentration between 2016 and 2024 is
compared with the relative change in foliar N concentration between 2016 and 2024, each time calculated as (2024 values - 2016
values) / 2016 values. The blue dashed line indicates the 1:1 line. Points above the line indicate a stronger increase in foliar P
concentration, points below the line indicate stronger increase in foliar N concentration between 2016 and 2024. Points with a
black edge represent measurements from saplings growing in the NP plots, points without black edge are saplings with control
treatment.
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3.3 Overstorey LAI

In support of the third hypothesis, fertilised plots exhibited an increase in overstorey LAI between 2016 and 2024. This

increase was larger than in the control plots (p < 0.0001; Fig. 4). In fact, overstorey LAI in the control treatment bottom and
305 top plots, decreased relatively to the 2016 measurements (Top: p = 0.0002; Bottom: p = 0.0023). The positive effect of

fertilisation on overstorey LAI was significantly larger in the top plots than in the bottom plots (p = 0.0015; Fig. 4).

I Treatment

E Control
B e

Difference LAl (m® m™?)
L X ]

Bottom Top
Topography

Figure 4: The fertilisation and topography differences in overstorey LAI between 2016 and 2024 are visualised in box plots. The
310 box is formed by the lower quartile and upper quartile, the horizontal line in the box indicates the median. The vertical lines
represent the fences, which are determined by the points in the dataset within 1.5 times the interquartile distance (above and

below the box). Observations that fall out of the fences are represented by circles. The number of saplings used is indicated above
each box plot.

315 3.4 Photosynthetic capacity

The hypothesis (H4 in Fig. 1) that photosynthetic capacity would increase in the fertilised plots could only be confirmed for
the top plot (p = 0.0054; Fig.5). In the bottom plots, photosynthetic capacity tended to be lower for the fertilised plot than for
the control plot (Fig. 5), albeit not significantly (p = 0.2160). The increase in photosynthetic capacity due to fertilisation was

significantly higher in the species 1. hostmannii (p = 0.0445) and L. persistens (p = 0.0027) compared to the species L. alba
320 (Fig. 6).
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Figure 5: The fertilisation and topography differences in the change in photosynthetic capacity (Asat) between 2016 and 2024 are
visualised in box plots. The box is formed by the lower quartile and upper quartile, the horizontal line in the box indicates the
median. The vertical lines represent the fences, which are determined by the points in the dataset within 1.5 times the interquartile
distance (above and below the box). Observations that fall out of the fences are represented by circles. The number of saplings
used is indicated above each box plot.

As hypothesised (HS in Fig. 1), there was a significant negative relationship between the change in overstorey LAI and that
in photosynthetic capacity (p < 0.0001; Fig. 6), which means that the increase in sapling photosynthetic capacity decreased

as light availability decreased.
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Figure 6: Difference in Asat between 2016 and 2024 is plotted against the difference in overstorey LAI between the same years.
The different regression lines are shown by species, for reasons of clarity this is each time shown for the bottom topography with
control treatment only. The function formulas for all regression lines can be found in Table E1, in Appendix E. Points with a black
edge represent measurements from saplings growing in the NP plots, while points without black edge represent saplings growing
in the control plots.

Sapling total leaf area and SLA were also examined. Unfortunately, there was no data available for total leaf area for 2016,
so changes therein could not be evaluated. Treatment had a significant effect on the difference in SLA between 2016 and
2024, as fertilised saplings had on average a 11 cm? g! larger specific leaf area than saplings growing in the control plots (p
= 0.0422) (Appendix B). The difference in SLA between 2016 and 2024 was positively correlated with the difference in
overstorey LAI between 2016 and 2024 (p = 0.0138), providing evidence for dark adaptation of the fertilised saplings: leaves

became larger and/or thinner when there was less light available.
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3.5 Growth
3.5.1 Volume increment

With regard to stem volume increment, only saplings of L. alba grew significantly faster in the NP fertilised plots than in the
control plots (Bawane = 44, tiosa = 3.631, p = 0.0004; Fig. 7a). The other three species showed no significant fertilisation
effect. The high average increase in stem volume of L. alba in the fertilised slope plot is based on only four saplings, that

showed a huge increment compared to 2016 values. The fertilisation effect for this species may therefore possibly be

overestimated.
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Volume increment control (cm®) Height increment control (cm)

Figure 7: In (a) the average volume increment within a particular topography type and for a specific species is compared here
between the fertilised plot and the control plot. In (b) the average height increment within a particular topography type and for a
specific species is compared here between the fertilised plot and the control plot. The blue dashed line indicates the 1:1 line. Points
above the line indicate higher increment in the fertilised plot than in the control plot. For the species O. asbeckii and L. alba, no
comparison could be made between the bottom and slope plots respectively (which is why ten points are shown instead of twelve).

There was a significant negative association between volume growth and overstorey LAI (Brar = -8.6, tios = -3.684, p =
0.0004; Fig. 8) and this relation did not differ between treatments, species and topographies. Volume increment decreased by

8.6 cm® per unit increase of overstorey LAI, supporting the hypothesis (H6 in Fig. 1) stating that sapling growth decreased
when less light penetrated the canopy.
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Figure 8: Volume increment is plotted against overstorey LAI (measured in 2024). The different regression lines are shown by
species, for reasons of clarity this is each time shown for the bottom topography with control treatment only. The function
formulas for all regression lines can be found in Table F1, in Appendix F. Points with a black edge represent measurements on
saplings growing in the NP plots, points without black edge represent saplings growing in the control plots.

3.5.2 Height increment

Saplings in the fertilised plots grew on average 21 cm more in height than the saplings in the control plots (p < 0.0001; Fig.
7b). Saplings in the slope plots grew 13 cm taller in height than saplings in the bottom plots (p = 0.0165), whereas height
growth in the top plots did not differ significantly from height growth in the bottom plots (p = 0.4054). Regarding the
difference among species (Fig. 7.b), . hostmannii grew significantly less in height than L. alba (p = 0.0011). The height
growth of L. persistens and O. asbeckii did not differ significantly from L. alba (L. persistens: p = 0.2152; O. asbeckii: p =
0.0515).

In agreement with the volume growth observations, there was a significant negative association between height increment

and overstorey LAI (p = 0.0016; Fig. 9). Height increment decreased by on average 5.3 cm per unit increase of overstorey
LAL
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Figure 9: Height increment is plotted against overstorey LAI (measured in 2024). The different regression lines are shown by
species, for reasons of clarity this is each time shown for the bottom topography with control treatment only. The function
formulas for all regression lines can be found in Table G1, in Appendix G. Points with a black edge represent measurements on
saplings growing in the NP plots, points without black edge represent saplings growing in the control plots.

4 Discussion
4.1 Impact of eight years of fertilisation on soil and foliar nutrient concentrations

Eight years of NP fertilisation led to higher P concentrations in the foliage and the soil compared to unfertilised control plots.
Both the first and second hypotheses could be confirmed for P (increased soil nutrient availability and foliar concentrations).
For N, however, soil concentrations were unaffected eight months after last fertilisers were added. Nonetheless, foliage N
concentrations increased in two species and remained unchanged in the other two species, suggesting that there must have
been, an albeit short-term increase in soil N availability, enabling these species to absorb extra N in their leaves. We
therefore conclude that hypotheses 1 and 2 could not be rejected and that N and P addition increased the availability of these

elements and subsequently also their foliar concentrations, at least for some species.
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The increased soil P concentration and availability as a result of fertilisation was to be expected given the P-limited nature of
the soil caused by millions of years of weathering (Domingues et al., 2010; Holste et al., 2011; Santiago et al., 2012;
Hasegawa et al., 2016; Wright et al., 2018; Du et al., 2020; Lugli et al., 2021; Ellsworth et al., 2022; Vallicrosa et al., 2023;
Lugli et al., 2024). For soil N, although we had expected some increase given the huge fertiliser input, the absence of change

is likely attributable to the open N cycle in tropical rainforests (Pajares and Bohannan, 2016; Elrys et al., 2023).

Despite the elevated nutrient availability, foliar nutrient concentrations only increased for two species in the case of N (O.
asbeckii and I. hostmannii), and three species for P: O. asbeckii and I. hostmannii, and to a lesser extent also L. persistens.
Consistent with biogeochemical niche theory, each niche of an organism is characterised by an optimal elementome, which
is the content of bioelements (including N and P). The plasticity of the elementome varies between species; some species
have a small elementome variation and are less able to adapt their elementome to environmental changes (such as
fertilisation) than other species (Pefiuelas et al., 2019; Sardans et al., 2021). Thus, L. alba and L. persistens may be less
capable than O. asbeckii and 1. hostmannii of adjusting their elementome composition to differences in P and N availability.
It is possible that L. alba and L. persistens are not capable of absorbing more P and N than necessary, or that this species
stores the extra P and N in plant tissues other than leaves. Those species that managed to absorb more nutrients (like O.
asbeckii and I. hostmannii) may build up a competitive advantage compared to other species. Another possibility is that all
saplings species absorb the extra nutrients, but they invest it differently. Saplings of canopy species (L. alba and L.
persistens), in contrast to understorey and subcanopy species (such as O. asbeckii and 1. hostmannii), invest the added
nutrients directly in growth rather than stocking them in leaf tissues, as found by Sellan et al. 2025 in a Bornean white sand
forest. This while understory and subcanopy species, would invest the extra nutrients to withstand life in the understorey,

e.g. increasing leaf anti-herbivore compounds.

Due to these species-specific responses, fertilisation in the long term could alter the composition of tropical forests (Mayor et
al., 2014; Yang, 2018; Mao et al., 2021). Reported responses of leaf N concentration to fertilisation include both increases
and decreases. Increases in foliar N concentration after N fertilisation occurred predominantly in studies where either P was
also added or where soils were P-rich (Vallicrosa et al., 2023; Yong et al., 2025). Vallicrosa et al. (2023) suggested that
under these conditions, elemental limitation shifts from P to N, or N becomes co-limiting. An increase in foliar P
concentration was observed in several other P-fertilisation studies conducted in tropical rainforests (Pasquini and Santiago,
2012; Yang, 2018; Mao et al., 2021; Yong et al., 2025). However, the response of saplings to P fertilisation was often
species-specific (Yang, 2018; Yong et al., 2025), as was the case in this study.
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4.2 Impact of eight years of fertilisation on overstorey LAI

Overstorey LAI increased significantly in the fertilised plots of this study, confirming the third hypothesis. Mature trees thus
benefited from the enhanced nutrient availability, enabling them to build a denser canopy and indicating that low nutrient (N,
but more likely P) availability was limiting tree productivity at the study site. Harrington et al. (2001) also showed that the
LAI of a tropical rainforest increased when fertilised with a limiting nutrient (N or P, depending on the site). Besides
fertilisation, also topography affected the difference in overstorey LAI between 2016 and 2024, with a significantly higher
increase in overstorey LAI in top plots than in bottom plots. One possible explanation is that the plots in the valley bottom
experience more disturbance from creek flooding, causing more tree fall (Ferry et al., 2010). This leads to a lower increase in

overstorey LAI values and thus higher light availability for saplings in bottom than top plots.

4.3 Impact of eight years of fertilisation on sapling photosynthetic capacity

In this study, no consistent increases in sapling photosynthetic capacity at leaf level were observed. However, saplings may
also increase photosynthetic capacity at tree level by enhancing total leaf area. Unfortunately, this cannot be confirmed in
this study due to the lack of pre-treatment total leaf area data, but the 2024 total sapling leaf area data, as well as the ratio of
total leaf area to above ground wood volume (Appendix C and D) were also not enhanced by the fertilisation. As such
hypothesis 4 could be rejected.

In contrast to the lack of response of photosynthetic capacity to the fertilisation treatment, a clear negative correlation
occurred between the change in photosynthetic capacity between 2016 and 2024 and the change in overstorey LAI between
2016 and 2024. This negative correlation has previously been observed in deeply shaded forest floors (Reich et al., 2003)
and can be explained by the balance between costs and benefits of investments in photosynthetic capacity. When more light
becomes available in the understorey (corresponding to a reduced overstorey LAI, e.g. after a tree fall), it is interesting for
plants to invest energy and nutrients in the photosynthetic machinery needed for electron transport and carboxylation
capacity to increase photosynthetic capacity and thereby photosynthesis. If in contrast, less light becomes available (e.g.
because of increased overstorey LAI following fertilisation), photosynthesis would decline even if photosynthetic capacity is
maintained. However, maintaining photosynthetic capacity comes at a great energy and nutrient cost, so under declining
light conditions reduction of photosynthetic capacity is energetically beneficial (Reich et al., 2003). Under low light
conditions, the best strategy for saplings to maximise photosynthesis is therefore not enhancing photosynthetic capacity per
unit leaf, but increasing light capture by producing more and/or larger, thinner leaves (Valladares et al., 1997). The latter
could be achieved by increasing SLA, which was indeed observed in our study and reflected in the negative relationship

found between overstorey LAl and SLA (Appendix B).
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The SLA of the fertilised saplings increased significantly between 2016 and 2024, suggesting that leaves became thinner and
465 less costly to produce. Overall, there is no mechanistic reason for the saplings to produce thinner leaves when supplied with
extra nutrients. Therefore, it can be postulated that the fertilisation effect on SLA reflects the indirect effect of fertilisation on
overstorey LAI, eliciting deeper shade at the forest floor and thereby the expected increase in SLA (Reich et al., 2003). It is
also possible that the extra nutrients leaded to thinner leaves with a higher turnover and therefore a shorter leaf lifespan
(Yang et al., 2007), but this could not be confirmed in this study.
470

4.4 Impact of eight years of fertilisation on sapling growth

With increased nutrient availability, less C and energy are needed underground for nutrient acquisition, shifting C allocation
to above-ground plant parts (Bucci et al., 2006; Santiago et al., 2012). Indeed, Vicca et al. (2012) showed that nutrient
availability is an important determinant of biomass production efficiency. When more nutrients are readily available, a larger
475 fraction of GPP can be invested in woody biomass production because less C needs to be invested in nutrient uptake
mechanisms such as root exudation, symbiotic N and P uptake, or fine root turnover (de Grandcourt et al, 2004; Hikosaka et
al., 2005; Vicca et al., 2012; Hasegawa et al., 2016; Gargallo-Garriga et al., 2018; Lugli et al., 2021; Hildebrand et al., 2023;
Lugli et al., 2024). However, this study revealed no overall fertilisation effect on stem volume increment. According to the
results of this study, only the canopy species L. alba showed a significant increase in volume increment, although this would

480 need to be confirmed in a follow-up study with more sapling data.

In contrast to the absence of a general fertilisation impact on stem volume increment, there was a statistically significant
positive effect on stem height increment. This response was probably a consequence of the lower light availability due to the
increase in overstorey LAI, causing the saplings to grow taller in search of light. Indeed, the hypothesised (H6) negative

485 relation between overstorey LAI and sapling growth (volume- and height increment) was confirmed. Higher overstorey LAI
reduces light availability, probably the key growth-limiting resource for saplings growing in tropical rainforests (Pasquini
and Santiago, 2012; Santiago et al., 2012; Wagner et al., 2016). It is likely that the hypothesised positive fertilisation effect
on growth is offset by the negative shading effect caused by the increase in overstorey LAI resulting in no net fertilisation
effect.
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5 Conclusions

In conclusion, our results highlight the impact of nutrient addition on tropical rainforest saplings. This study confirms that
certainly P availability in the soil increased after eight years of NP fertilisation. For some sapling species, this increased
availability led to higher leaf nutrient concentrations (both P and N). Despite this increase in leaf nutrients for some species,
there was no fertilisation effect on photosynthetic capacity.

The increased P availability probably also led to a lower investment in underground mechanisms for nutrient uptake,
allowing more GPP to be invested in the production of above-ground biomass. Nevertheless, there was no overall increase in
sapling volume increment, which was due to the decrease in light availability caused by the increased overstorey LAI in the
fertilised plots. The combination of extra nutrient availability and decreased light availability in the understorey as a result of
this fertilisation led to a strong increase in height increment and an increase in SLA as shade adaptations.

This study highlights the importance of the two most limiting resources in the understorey of tropical rainforests, namely
nutrients and light, and how they interact with each other. We did not observe immediate mortality or growth divergence
strong enough to shift composition within this eight-year window, but differences in nutrient uptake suggest potential long-

term competitive shifts.

6 Appendices
Appendix A: Species characteristics

Table Al: Overview of specific characteristics of the four tropical rainforest species studied: 1. hostmannii, L. persistens, L. alba
and O. asbeckii. The specific characteristics include information on family, genus, shade tolerance, type of mature tree form, the
habitat they grow in, maximum measured diameter at breast height (DBH) and whether the species symbiotises with N-fixing
bacteria. Information was taken from the following sources: Mori et al., 1996; Vincent et al., 2011; Hogan et al., 2018; Molino et
al., 2022.

Shade Max DBH N-
Family Genus Species Form Habitat
tolerance (cm) fixing
Seasonally
Myristicaceae Iryanthera | hostmannii | Strong Subcanopy tree flooded 46.2 No
forest
) ] Non-flooded
Lecythidaceae Lecythis persistens Medium Canopy tree . 65.6 No
orest
] Non-flooded
Chrysobalanaceae | Licania alba Medium Canopy tree (to 35m) . 96.5 No
orest
Non-flooded
Annonaceae Oxandra asbeckii Strong Small tree (7-14m) . 59.8 No
orest
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515

Appendix B: Specific leaf area (SLA)
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Figure B1: The difference in specific leaf area (SLA) is plotted against the difference in overstorey LAI between 2016 and 2024,

520 with NP the regression line for the fertilised saplings and C the regression line for the saplings growing in the control treatment.
Points with a black edge represent measurements on saplings growing in the NP plots, points without black edge represent
saplings growing in the control plots.
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Appendix C: Sapling total leaf area

As no 2016 data was available for the total leaf area, the treatment effect is assessed here using only the 2024 data.
Treatment had no significant effect on the total leaf area per sapling (Fi,119 = 0.9184, p = 0.3398) and neither did overstorey
LAI (Fyi,110 = 1.2852, p = 0.2592), contrary to what was expected with regard to shade adaptations due to lower light
availability in the understorey. A post hoc Tukey test showed that saplings in the top plots had a significantly lower total leaf
area than saplings in the bottom plots (Biop-bottom = -0.2, p = 0.0217; Fig. C1). Species also differed (Fig. C1), e.g. the species

O. asbeckii had a significantly lower total leaf area than the species 1. hostmannii (Bhostmannii-asbeckii = 0.2, p = 0.0240).
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Figure C1: Total leaf area measured in 2024, visualised with boxplots for different species per topography type. The box is formed
by the lower quartile and upper quartile, the horizontal line in the box indicates the median. The vertical lines represent the
fences, which are determined by the points in the dataset within 1.5 times the interquartile distance (above and below the box).
Observations that fall out of the fences are represented by circles.
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Appendix D: Sapling ratio total leaf area / wood volume

As no 2016 data was available for the total leaf area, the treatment effect is evaluated here using only the 2024 data.
Treatment had a significant effect on the ratio total leaf area/wood volume only for species O. asbeckii (Basbeckiine = 53, tioo =
4.207, p <0.0001; Fig. D1). In addition, the interaction between topography and species was also significant (Fe 100 = 3.6108,
p = 0.0026), with O. asbeckii saplings exhibiting a significantly lower ratio total leaf area/wood volume in the top and slope
plots compared to the bottom plots (for slope plots: Basbeckii:siope = -67, tioo = -4.288, p < 0.0001; for top plots: Pasveckii:Top = -56,
tize = -3.573, p = 0.0005). Overstorey LAI did not affect the ratio total leaf area/wood volume significantly (Fy 100 = 0.4871, p
=0.4867).
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Figure D1: Ratio total leaf area/wood volume measured in 2024, visualised with boxplots for different species per treatment. The
box is formed by the lower quartile and upper quartile, the horizontal line in the box indicates the median. The vertical lines
represent the fences, which are determined by the points in the dataset within 1.5 times the interquartile distance (above and
below the box). Observations that fall out of the fences are represented by circles.
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Appendix E: Overview of all function formulas of the regression lines in Fig. 6

Table E1: Overview of all function formulas of the regression lines in Fig. 6, which for reasons of clarity are not all shown. The
sapling code shows the topographical position and fertilisation type: B stands for bottom, T for top, 2 for NP fertilisation and 4 for
control treatment, AL for L. alba, OX for O. asbeckii, IH for 1. hostmannii and LP for L. persistens. The function formulas of the
regression lines that are shown in the graph are shown in red. Significant p-values are shown in bold.

Sapling Function formula R2-value p-value
B2-AL =-0.59x- 0.3 0.49 <0.0001
B2-0X y=-0.59x 0.49 <0.0001
B2-TH y=-0.59x + 0.6 0.49 <0.0001
B2-LP y=-0.59x + 1.1 0.49 <0.0001
B4-AL y=-0.59x + 0.3 0.49 <0.0001
B4-0X y=-0.59x + 0.7 0.49 <0.0001
B4-IH y=-0.59x + 1.3 0.49 <0.0001
B4-LP y=-0.59x + 1.8 0.49 <0.0001
T2-AL y=-0.59x + 1.6 0.49 <0.0001
T2-0X y=-0.59x + 1.9 0.49 <0.0001
T2-IH y=-0.59x +2.5 0.49 <0.0001
T2-LP y=-0.59x + 3.0 0.49 <0.0001
T4-AL y=-0.59x +0.2 0.49 <0.0001
T4-0X y=-0.59x + 0.5 0.49 <0.0001
T4-IH y=-0.59x + 1.1 0.49 <0.0001
T4-LP y=-0.59x + 1.6 0.49 <0.0001
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Table F1: Overview of all function formulas of the regression lines in Fig. 8, which for reasons of clarity are not all shown. The
sapling code shows the topographical position, fertilisation type and species: B stands for bottom, S for slope, T for top, 2 for NP
fertilisation, 4 for control treatment, AL for L. alba, OX for O. asbeckii, IH for I. hostmannii and LP for L. persistens. B2-OX and
S2-LP are missing because there was no 2016 data for them. The function formulas of the regression lines that are shown in the

595 graph are shown in red. Significant p-values are shown in bold.

Saplings Function formula R%-value p-value
B2-AL y=-8.6x + 111 0.41 0.0004
B2-TH y=-8.6x + 107 0.41 0.0004
B2-LP y=-8.6x + 123 0.41 0.0004
B4-AL y=-8.6x + 67 0.41 0.0004
B4-0X y=-8.6x + 93 0.41 0.0004
B4-TH y=-8.6x + 103 0.41 0.0004
B4-LP y=-8.6x + 101 0.41 0.0004
S2-AL y=-8.6x + 149 0.41 0.0004
S2-0X y=-8.6x + 79 0.41 0.0004
S2-IH y=-8.6x + 93 0.41 0.0004
S4-AL y=-8.6x + 105 0.41 0.0004
S4-0X y=-8.6x + 81 0.41 0.0004
S4-IH y=-8.6x + 89 0.41 0.0004
S4-LP y=-8.6x + 121 0.41 0.0004
T2-AL y=-8.6x + 113 0.41 0.0004
T2-0X y=-8.6x + 79 0.41 0.0004
T2-TH y=-8.6x + 89 0.41 0.0004
T2-LP y=-8.6x + 97 0.41 0.0004
T4-AL y=-8.6x + 69 0.41 0.0004
T4-0X y=-8.6x + 80 0.41 0.0004
T4-IH y=-8.6x + 84 0.41 0.0004
T4-LP y=-8.6x + 75 0.41 0.0004
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Table G1: Overview of all function formulas of the regression lines in Fig. 9, which for reasons of clarity are not all shown. The
sapling code shows the topographical position, fertilisation type and species: B stands for bottom, S for slope, T for top, 2 for NP
fertilisation, 4 for control treatment, AL for L. alba, OX for O. asbeckii, IH for 1. hostmannii and LP for L. persistens. B2-OX and
S2-LP are missing because there was no 2016 data for them. The function formulas of the regression lines that are shown in the

graph are shown in red. Significant p-values are shown in bold.

Saplings Function formula R%-value p-value
B2-AL y=-5.3x + 87 0.30 0.0016
B2-TH y=-5.3x + 68 0.30 0.0016
B2-LP y=-5.3x+79 0.30 0.0016
B4-AL y=-5.3x + 66 0.30 0.0016
B4-0X y=-5.3x + 54 0.30 0.0016
B4-TH y=-5.3x +48 0.30 0.0016
B4-LP y=-5.3x + 59 0.30 0.0016
S2-AL y=-5.3x + 100 0.30 0.0016
S2-0X y=-5.3x + 87 0.30 0.0016
S2-IH y=-5.3x + 81 0.30 0.0016
S4-AL y=-5.3x+79 0.30 0.0016
S4-0X y=-5.3x + 66 0.30 0.0016
S4-IH y=-5.3x + 60 0.30 0.0016
S4-LP y=-53x+71 0.30 0.0016
T2-AL y=-5.3x + 83 0.30 0.0016
T2-0X y=-5.3x+70 0.30 0.0016
T2-TH y=-5.3x + 64 0.30 0.0016
T2-LP y=-53x+75 0.30 0.0016
T4-AL y=-5.3x + 62 0.30 0.0016
T4-0X y=-53x +49 0.30 0.0016
T4-IH y=-5.3x+43 0.30 0.0016
T4-LP y=-5.3x + 54 0.30 0.0016
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Data availability

The 2024 data used in this paper is available at https://doi.org/10.5281/zenodo.18469254 (van Poecke, 2026). The 2015 and
2016 data used in this paper are available at https://doi.org/10.5281/zenodo.5638236 (Verryckt, 2021).

Author contributions

ALVP, LB, CS, GS, GH, BB contributed to the field work and collected the data in 2024. The 2015 soil data was collected
by LVL and the 2016 sapling data was collected by LTV. JS, JP, LB and IAJ provided the project funding. The manuscript
was drafted by ALVP and IAJ and all co-authors contributed to the writing.

Competing interests

The authors declare that they have no conflict of interest.

Disclaimer

Copernicus Publications remains neutral with regard to jurisdictional claims made in the text, published maps, institutional
affiliations, or any other geographical representation in this paper. While Copernicus Publications makes every effort to
include appropriate place names, the final responsibility lies with the authors. Views expressed in the text are those of the

authors and do not necessarily reflect the views of the publisher.

Acknowledgements

We thank the team of the Paracou field station, managed by UMR EcoFoG (CIRAD and INRAE, Kourou), for their
hospitality and help in the field. We are also grateful to the PLECO staff for their support in analysing the soil and leaf

samples. Finally, we would like to thank Prof. Stefan Van Dongen for his statistical assistance.

Financial support

IAJ acknowledges support from ICOS-Flanders (grant no. [00325N). LB acknowledges support from the Gordon and Betty
Moore Foundation (Grant GBMF11519; Stanford University) and from the National Research Institute for Agriculture, Food
and Environment (INRAE). This work was also supported by an Investissement d’ Avenir grant from the Agence Nationale
de la Recherche (CEBA: ANR-10-LABX-25-01). JS and JP acknowledge support from the grants PID2022-140808NB-100
and PID2023-153125NB-100 funded by the Spanish MICIU/AEI /10.13039/501100011033 and FEDER, European Union.

28



635

640

645

650

655

660

665

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Review statement

References

Amundson, R., Austin, A. T., Schuur, E. A. G., Yoo, K., Matzek, V., Kendall, C., Uebersax, A., Brenner, D. and Baisden,
W. T.: Global patterns of the isotopic composition of soil and plant nitrogen, Global biochemical cycles, 17, 1031,
https://doi.org/10.1029/2002GB001903, 2003.

Anten, N. P. R. and Hirose, T.: Biomass allocation and light partitioning among dominant and subordinate individuals in
Xanthium canadense stands, Annals of botany, 82, 665-673, https://doi.org/10.1006/anbo.1998.0729, 1998.

Baccini, A., Walker, W., Carvalho, L., Farina, M., Sulla-Menashe, D. and Houghton, R. A.: Tropical forests are a net carbon
source based on aboveground measurements of  gain and loss, Science, 358, 230-233,
https://doi.org/10.1126/science.aam5962, 2017.

Bauters, M. et al.: High fire-derived nitrogen deposition on central African forests, Proceedings of the national academy of
sciences of the Unites States of America, 115, 549-554, https://doi.org/10.1073/pnas.1714597115, 2018.

Bauters, M. et al.: Increasing calcium scarcity along Afrotropical forest succession, Nature ecology & evolution, 6, 1122-
1131, https://doi.org/10.1038/s41559-022-01810-2, 2022.

Beer, C. et al.: Terrestrial Gross Carbon Dioxide Uptake: Global Distribution and Covariation with Climate, Science 329,
834-838, https://doi.org/10.1126/science.1184984, 2010.

Bonal, D. et al.: Impact of severe dry season on net ecosystem exchange in the Neotropical rainforest of French Guiana,
Global change biology, 14, 1971-1933, https://doi.org/10.1111/j.1365-2486.2008.01610.x, 2008.

Bucci, S. J., Scholz, F. G., Goldstein, G., Meinzer, F. C., Franco, A. C., Campanello, P. I., Villalobos-Vega, R., Bustamante,
M. and Miralles-Wilhelm, F.: Nutrient availability constrains the hydraulic architecture and water relations of savannah
trees, Plant sell and environment, 29, 2153-2167, https://doi.org/10.1111/j.1365-3040.2006.01591 .x, 2006.

Chou, C. B., Hedin, L. O. and Pacala, S. W.: Functional groups, species and light interact with nutrient limitation during
tropical rainforest sapling bottleneck, Journal of ecology, 106, 157-167, https://doi.org/10.1111/1365-2745.12823, 2018.
Courtois, E. A., Stahl, C., Van den Berge, J., Bréchet, L., Van Langenhove, L., Richter, A., Urbina, 1., Soong, J. L.,
Pefiuelas, J. and Janssens, I. A.: Spatial Variation of Soil CO2, CH4 and N20O Fluxes Across Topographical Positions in
Tropical Forests of the Guiana Shield, Ecosystems, 21, 1445-1458, https://doi.org/10.1007/s10021-018-0281-x, 2018.
Craine, J. M. et al.: Convergence of soil nitrogen isotopes across global climate gradients, Scientific reports, 5, 8280,
https://doi.org/10.1038/srep08280, 2015.

Croft, H., Chen, J. M., Luo, X. Z., Bartlett, P., Chen, B. and Steabler, R. M.: Leaf chlorophyll content as a proxy for leaf
photosynthetic capacity, Global change biology, 23, 3513-3524, https://doi.org/10.1111/gcb.13599, 2017.

29



670

675

680

685

690

695

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Cutini, A., Matteucci, G. and Mugnozza, G. S.: Estimation of leaf area index with the Li-Cor LAI 2000 in deciduous forests,
Forest ecology and management, 105, 55-65, https://doi.org/10.1016/S0378-1127(97)00269-7, 1998.

Dalling, J.W., Heineman, K., Lopez, O.R., Wright, S.J. and Turner, B.L.: Nutrient Availability in Tropical Rain Forests: The
Paradigm of Phosphorus Limitation. In: Goldstein, G., Santiago, L. (eds) Tropical Tree Physiology, Tree Physiology, 6, 261-
273, Springer, Cham, https://doi.org/10.1007/978-3-319-27422-5 12,2016.

de Grandcourt, A., Epron, D., Montpied, P., Louisanna, E., Béreau, M., Garbaye, J. and Guehl, J. M.: Contrasting responses
to mycorrhizal inoculation and phosphorus availability in seedlings of two tropical rainforest tree species, New phytologist,
161, 865-875, https://doi.org/10.1046/j.1469-8137.2004.00978.x, 2004.

Descals, A., Janssens, 1. and Pefiuelas, J.: Distant fires co-determine gross primary productivity in the Amazon rainforest,
Nature Geoscience, in press.

Domingues, T. F. et al.: Co-limitation of photosynthetic capacity by nitrogen and phosphorus in West Africa woodlands,
Plant cell and environment, 33, 959-980, https://doi.org/10.1111/j.1365-3040.2010.02119.x, 2010.

Du, E., Terrer, C., Pellegrini, A. F. A., Ahlstrom, A., van Lissa, C. J., Zhao, X., Xia, N., Wu, X. H. and Jackson, R. B.:
Global patterns of terrestrial nitrogen and phosphorus limitation, Nature geoscience, 13, 221-226,
https://doi.org/10.1038/s41561-019-0530-4, 2020.

Ellsworth, D. S. et al.: Convergence in phosphorus constraints to photosynthesis in forests around the world, Nature
communications, 13, 5005, https://doi.org/10.1038/s41467-022-32545-0, 2022.

Elrys, A. S. et al.: Global soil nitrogen cycle pattern and nitrogen enrichment effects: Tropical versus subtropical forests,
Global change biology, 29, 1905-1921, https://doi.org/10.1111/gcb.16603, 2023.

Fahey, T. J., Battles, J. J. and Wilson, G. F.: Responses of early successional northern hardwood forests to changes in
nutrient availability, Ecological monographs, 68, 183-212, https://doi.org/10.1890/0012-
9615(1998)068[0183:ROESNH]2.0.CO;2, 1998.

Feng, X. et al.: How deregulation, drought and increasing fire impact Amazonian biodiversity, Nature, 597, 516-520,
https://doi.org/10.1038/s41586-021-03876-7, 2021.

Fernandez-Martinez, M. et al.: Nutrient availability as the key regulator of global forest carbon balance, Nature climate
change, 4, 471-476, https://doi.org/10.1038/NCLIMATE2177, 2014.

Ferry, B., Morneau, F., Bontemps, J. D., Blanc, L. and Freycon, V.: Higher treefall rates on slopes and waterlogged soils
result in lower stand biomass and productivity in a tropical rain forest, Journal of ecology, 98, 106-116,
https://doi.org/10.1111/1.1365-2745.2009.01604.x, 2010.

Gargallo-Garriga, A. et al.: Different profiles of soil phosphorous compounds depending on tree species and availability of
soil phosphorus in a tropical rainforest in French Guiana, BMC plant biology, 24, 278, https://doi.org/10.1186/s12870-024-
04907-x, 2024.

30



700

705

710

715

720

725

730

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M., Urban, O. and Pefiuelas, J.: Root exudate metabolomes change
under drought and show limited capacity for recovery, Scientific reports, 8, 12696, https://doi.org/10.1038/s41598-018-
30150-0, 2018.

Garriques, S., Shabanov, N. V., Swanson, K., Morisette, J. T., Baret, F. and Myneni, R. B.: Intercomparison and sensitivity
analysis of Leaf Area Index retrievals from LAI-2000, AccuPAR, and digital hemispherical photography over croplands,
Agricultural and forest meteorology, 148, 1193-1209, https://doi.org/10.1016/j.agrformet.2008.02.014, 2008.

Hasegawa, S., Macdonald, C. A. and Power, S. A.: Elevated carbon dioxide increases soil nitrogen and phosphorus
availability in a phosphorus-limited FEucalyptus woodland, Global change biology, 22, 1628-1643,
https://doi.org/10.1111/gcb.13147, 2016.

Harrington, R. A., Fownes, J. H. and Vitousek, P. M.: Production and resource use efficiencies in N- and P-limited tropical
forests: A comparison of responses to long-term fertilization, Ecosystems, 4, 646-657, https://doi.org/10.1007/s10021-001-
0034-z, 2001.

Hedin, L. O., Brookshire, E. N. J., Menge, D. N. L. and Barron, A. R.: The Nitrogen Paradox in Tropical Forest Ecosystems,
Annual review of ecology evolution and systematics, 40, 613-635,
https://doi.org/10.1146/annurev.ecolsys.37.091305.110246, 2009.

Hidaka, A. and Kitayama, K.: Relationship between photosynthetic phosphorus-use efficiency and foliar phosphorus
fractions in tropical tree species, Ecology and evolution, 3, 4872-4880, https://doi.org/10.1002/ece3.861, 2013.

Hikosaka, K., Onada, Y., Kinugasa, T., Nagashima, H., Anten, N. P. R. and Hirose, T.: Plant responses to elevated CO2
concentration at different scales: leaf, whole plant, canopy, and population, Ecological research, 20, 243-253,
https://doi.org/10.1007/s11284-005-0041-1, 2005.

Hildebrand, G. A. et al.: Uncovering the dominant role of root metabolism in shaping rhizosphere metabolome under
drought in  tropical  rainforest  plants, Science  of the  total  environment, 899, 165689,
https://doi.org/10.1016/j.scitotenv.2023.165689, 2023.

Hogan, J. A., Hérault, B., Bachelot, B., Gorel, A., Jounieaux, M. and Baraloto, C.: Understanding the recruitment response
of juvenile Neotropical trees to logging intensity using functional traits, Ecological applications, 28, 1998-2010,
https://doi.org/10.1002/eap.1776, 2018.

Holste, E. K., Kobe, R. K. and Vriesendorp, C. F.: Seedling growth responses to soil resources in the understory of a wet
tropical forest, Ecology, 92, 1828-1838, https://doi.org/10.1890/10-1697.1, 2011.

Jiang, M. K., Caldararu, S., Zachle, S., Ellsworth, D. S. and Medlyn, B. E.: Towards a more physiological representation of
vegetation  phosphorus  processes in  land surface  models, New  phytologist, 222,  1223-1229,
https://doi.org/10.1111/nph.15688, 2019.

Kobe, R. K.: Light gradient partitioning among tropical tree species through differential seedling mortality and growth,
Ecology, 80, 187-201, https://doi.org/10.2307/176989, 1999.

Korner, C.: Carbon limitation in trees, Journal of ecology, 91, 4-17, https://doi.org/10.1046/j.1365-2745.2003.00742.x, 2003.

31



735

740

745

750

755

760

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Lambers, H. and Shane, M. W.: Phosphorus nutrition of Australian Proteaceae and Cyperaceae: A strategy on old landscapes
with  prolonged oceanically buffered climates, South  African journal of botany, 73, 274-276,
https://doi.org/10.1016/j.sajb.2007.02.005, 2007.

Lambers, H., Raven, J. A., Shaver, G. R. and Smith, S. E.: Plant nutrient-acquisition strategies change with soil age, Trends
in ecology & evolution, 23, 95-103, https://doi.org/10.1016/j.tree.2007.10.008, 2008.

Li, Y., Randerson, J. T., Mahowald, N. M. and Lawrence, P. J.: Deforestation Strengthens Atmospheric Transport of Mineral
Dust and Phosphorus from North Africa to the Amazon, Journal of climate, 34, 6087-6096, https://doi.org/10.1175/JCLI-D-
20-0786.1, 2021.

Li, Y., Tian, D., Yang, H. and Niu, S.: Size-dependent nutrient limitation of tree growth from subtropical to cold temperate
forests, Functional ecology, 32, 95-105, https://doi.org/10.1111/1365-2435.12975, 2018.

Li-Cor, Inc.: LAI-2000 Plant Canopy Analyzer: Instruction manual,
https://licor.app.boxenterprise.net/s/q6hrj6s79psn708z2b2s (last access: 27 January 2026), 1992.

Liao, K. H., Lai, X. M. and Zhu, Q.: Soil 615N is a better indicator of ecosystem nitrogen cycling than plant §15N: A global
meta-analysis, Soil 7, 733-742, https://doi.org/10.5194/s0il-7-733-2021, 2021.

Llusia, J. et al.: Contrasting nitrogen and phosphorus fertilization effects on soil terpene exchanges in a tropical forest,
Science of the total environment, 802, 149769, https://doi.org/10.1016/j.scitotenv.2021.149769, 2022.

Lugli, L. F. et al.: Rapid responses of root traits and productivity to phosphorus and cation additions in a tropical lowland
forest in Amazonia, New Phytologist, 230, 116-128, https://doi.org/10.1111/nph.17154, 2021.

Lugli, L. F. et al.: Contrasting responses of fine root biomass and traits to large-scale nitrogen and phosphorus addition in
tropical forests in the Guiana shield, Oikos, 2024, 10412, https://doi.org/10.1111/0ik.10412, 2024.

Luo, X. Z., Keenan, T. F., Chen, J. M., Croft, H., Prentice, 1. C., Smith, N. G., Walker, A. P., Wang, H., Wang, R., Xu, C. G.
and Zhang, Y.: Global variation in the fraction of leaf nitrogen allocated to photosynthesis, Nature communications 12,
4866, https://doi.org/10.1038/541467-021-25163-9, 2021.

Luyssaert, S. et al.: CO2 balance of boreal, temperate, and tropical forests derived from a global database, Global change
biology, 13, 2509-2537, https://doi.org/10.1111/j.1365-2486.2007.01439.x, 2007.

Magalhaes, N. D., Marenco, R. A. and Camargo, M. A. B.: Do soil fertilization and forest canopy foliage affect the growth
and photosynthesis of Amazonian saplings?, Scientia agricola, 71, 58-65, https://doi.org/10.1590/S0103-
90162014000100008, 2014.

Mao, Q., Chen, H., Gurmesa, G. A., Gundersen, P., Ellsworth, D. S., Gilliam, F. S., Wang, C., Zhu, E. F., Ye, Q., Mo, J. M.
and Lu, X. K.: Negative effects of long-term phosphorus additions on understory plants in a primary tropical forest, Science
of the total environment, 798, 149306, https://doi.org/10.1016/j.scitotenv.2021.149306, 2021.

Mao, Q., Chen, H., Wang, C., Pang, Z., Mo, J. and Lu, X.: Effect of Long-Term Nitrogen and Phosphorus Additions on
Understory Plant Nutrients in a Primary Tropical Forest, Forests, 12, 803, https://doi.org/10.3390/f12060803, 2021.

32



765

770

775

780

785

790

795

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Mayor, J. R., Wright, S. J. and Turner, B. L.: Species-specific responses of foliar nutrients to longterm nitrogen and
phosphorus additions in a lowland tropical forest, Journal of ecology, 102, 36-44, https://doi.org/10.1111/1365-2745.12190,
2014.

Medlyn, B. E.: The optimal allocation of nitrogen within the C-3 photosynthetic system at elevated CO2, Australian journal
of plant physiology, 23, 593-603, https://doi.org/10.1071/PP9960593, 1996.

Molino, J. F., Sabatier, D., Grenand, P., Engel, J., Frame, D., Delprete, P. G., Fleury, D., Odonne, G., Davy, D., Lucas, E. J.
and Martin, C. A.: An annotated checklist of the tree species of French Guiana, including vernacular nomenclature,
Adansonia, 44, 345-903, https://doi.org/10.5252/adansonia2022v44a26, 2022.

Montgomery, R. A. and Chazdon, R. L.: Light gradient partitioning by tropical tree seedlings in the absence of canopy gaps,
Oecologia, 131, 165-174, https://doi.org/10.1007/s00442-002-0872-1, 2002.

Mori, S. A., Cremers, G., Gracie, C. A., de Grandville, J. J., Heald, S. V., Hoff, M. and Mitchell, J. D.: Guide to the vascular
plants of central French Guiana, Botanical Garden Press, New York, USA, ISBN 0893273988, 1996.

Ostertag, R.: Foliar nitrogen and phosphorus accumulation responses after fertilization: an example from nutrient-limited
Hawaiian forests, Plant and soil, 334, 85-98, https://doi.org/10.1007/s11104-010-0281-x, 2010.

Pajares, S. and Bohannan, B. J. M.: Ecology of Nitrogen Fixing, Nitrifying, and Denitrifying Microorganisms in Tropical
Forest Soils, Frontiers in microbiology, 7, 1045, https://doi.org/10.3389/fmicb.2016.01045, 2016.

Pasquini, S. C. and Santiago, L. S.: Nutrients limit photosynthesis in seedlings of a lowland tropical forest tree species,
Oecologia, 168, 311-319, https://doi.org/10.1007/s00442-011-2099-5, 2012.

Peguero, G. et al.: Decay of similarity across tropical forest communities: integrating spatial distance with soil nutrients,
Ecology, 103, 03599, https://doi.org/10.1002/ecy.3599, 2022.

Peng, Y., Bloomfield, K. J., Cernusak, L. A., Domingues, T. F. and Prentice, C. I.: Global climate and nutrient controls of
photosynthetic capacity, Communications biology, 4, 462, https://doi.org/10.1038/s42003-021-01985-7, 2021.

Pefiuelas, J. et al.: Human-induced nitrogen-phosphorus imbalances alter natural and managed ecosystems across the globe,
Nature communications, 4, 2934, https://doi.org/10.1038/ncomms3934, 2013.

Pefiuelas, J., Fernandez-Martinez, M., Ciais, P., Jou, D., Piao, S. L., Obersteiner, M., Vicca, S., Janssens, I. A. and Sardans,
J.: The bioelements, the elementome, and the biogeochemical, Ecology, 100, €02652, https://doi.org/10.1002/ecy.2652,
2019.

Quesada, C. A. et al.: Chemical and physical properties of Amazon forest soils in relation to their genesis, Biogeosciences
discussions, 6, 3923-3992, https://doi.org/10.5194/bgd-6-3923-2009, 2009.

Quesada, C. A. et al.: Basin-wide variations in Amazon forest structure and function are mediated by both soils and climate,
Biogeosciences, 9, 2203-2246, https://doi.org/10.5194/bg-9-2203-2012, 2012.

R Core Team: The R project for statistical computing, https://www.r-project.org/ (last access: 27 January 2026), 2022.

33



800

805

810

815

820

825

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Reich, P. B., Wright, L. J., Cavender-Bares, J., Craine, J. M., Oleksyn, J., Westoby, M. and Walters, M. B.: The evolution of
plant functional variation: Traits, spectra, and strategies, International journal of plant species, 164, S143-S164,
https://doi.org/10.1086/374368, 2003.

Santiago, L. S., Wright, S. J., Harms, K. E., Yavitt, J. B., Korine, C., Garcia, M. N. and Turner, B. L.: Tropical tree seedling
growth responses to nitrogen, phosphorus and potassium addition, Journal of ecology, 100, 309-316,
https://doi.org/10.1111/j.1365-2745.2011.01904 %, 2012.

Sardans, J. et al.: Empirical support for the biogeochemical niche hypothesis in forest trees, Nature ecology & evolution 5,
184-194, https://doi.org/10.1038/s41559-020-01348-1, 2021.

Sardans, J. et al.: Foliar elementome and functional traits relationships identify tree species niche in French Guiana
rainforests, Ecology, 104, e4118, https://doi.org/10.1002/ecy.4118, 2023.

Sellan, G., Thompson, J., Robert, R. and Brearley, F. Q.: Nutrient addition to a white sand tropical forest results in greater
growth of saplings of canopy tree species than understorey specialist tree species, Forest ecology and management, 589,
122755, https://doi.org/10.1016/j.foreco.2025.122755, 2025.

Slot, M. and Winter, K.: High tolerance of tropical sapling growth and gas exchange to moderate warming, Functional
ecology, 32, 599-611, https://doi.org/10.1111/1365-2435.13001, 2018.

Takahashi, K. and Rustandi, A.: Responses of crown development to canopy openings by saplings of eight tropical
submontane forest tree species in Indonesia: A comparison with cool-temperate trees, Annals of botany, 97, 559-569,
https://doi.org/10.1093/a0b/mcl003, 2006.

Tandalla, D. C., Homeier, J. and Batary, P.: Responses of Tropical Tree Seedlings to Nutrient Addition: A Meta-analysis to
understand future changes in Tropical Forest Dynamics, Current forestry reports, 11, 3, https://doi.org/10.1007/s40725-024-
00240-6, 2024.

Trugman, A. T. and Anderegg, L. D. L.: Source vs sink limitations on tree growth: from physiological mechanisms to
evolutionary  constraints and terrestrial carbon cycle implications, New phytologist, 245, 966-981,
https://doi.org/10.1111/nph.20294, 2025.

Urbina, I. et al.: High foliar K and P resorption efficiencies in old-growth tropical forests growing on nutrient-poor soils,
Ecology and evolution, 11, 8969-8982, https://doi.org/10.1002/ece3.7734, 2021.

Valladares, F., Allen, M. T. and Pearcy, R. W.: Photosynthetic responses to dynamic light under field conditions in six
tropical rainforest shrubs occurring along a light gradient, Oecologia, 111, 505-514, https://doi.org/10.1007/s004420050264,
1997.

Vallicrosa, H. et al.: Phosphorus scarcity contributes to nitrogen limitation in lowland tropical rainforests, Ecology, 104,
¢4049, https://doi.org/10.1002/ecy.4049, 2023.

Van Langenhove, L. et al.: Rapid root assimilation of added phosphorus in a lowland tropical rainforest of French Guiana,

Soil biology & biochemistry, 140, 107646, https://doi.org/10.1016/j.50ilbi0.2019.107646, 2020.

34



830

835

840

845

850

855

https://doi.org/10.5194/egusphere-2026-682
Preprint. Discussion started: 23 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Van Langenhove, L. et al.: Soil nutrient variation along a shallow catena in Paracou, French Guiana, Soil research, 59, 130-
145, https://doi.org/10.1071/SR20023, 2021.

Verryckt, L. T. et al.: Can light-saturated photosynthesis in lowland tropical forests be estimated by one light level?,
Biotropica, 52, 1183-1193, https://doi.org/10.1111/btp.12817, 2020.

Verryckt, L. T., et al.: Vertical profiles of leaf photosynthesis and leaf traits and soil nutrients in two tropical rainforests in
French Guiana before and after a 3-year nitrogen and phosphorus addition experiment, Earth system science data, 14, 5-18,
https://doi.org/10.5194/essd-14-5-2022, 2022.

Vicca, S. et al: Fertile forests produce biomass more efficiently, Ecology letters, 15, 520-526,
https://doi.org/10.1111/j.1461-0248.2012.01775.x, 2012.

Vincent, G., Molino, J. F., Marescot, L., Barkaoui, K., Sabatier, D., Freycon, V. and Roelens, J. B.: The relative importance
of dispersal limitation and habitat preference in shaping spatial distribution of saplings in a tropical moist forest: a case study
along a combination of hydromorphic and canopy disturbance gradients, Annals of forest science, 68, 357-370,
https://doi.org/10.1007/s13595-011-0024-z, 2011.

Wagner et al.: Climate seasonality limits leaf carbon assimilation and wood productivity in tropical forests, Biogeosciences,
13, 2537-2562, https://doi.org/10.5194/bg-13-2537-2016, 2016.

Walker, T. W. and Syers, J. K.: Fate of phosphorus during pedogenesis, Geoderma, 15, 1-19, https://doi.org/10.1016/0016-
7061(76)90066-5, 1976.

Wright, S. J. et al.: Plant responses to fertilization experiments in lowland, species-rich, tropical forests, Ecology, 99, 1129-
1138, https://doi.org/10.1002/ecy.2193, 2018.

Wright, S. J.: Plant responses to nutrient addition experiments conducted in tropical forests, Ecological monographs, 89,
€01382, https://doi.org/10.1002/ecm.1382, 2019.

Yang, H.: Effects of nitrogen and phosphorus addition on leaf nutrient characteristics in a subtropical forest, Trees-structure
and function, 32, 383-391, https://doi.org/10.1007/s00468-017-1636-1, 2018.

Yang, X. D., Warren, M. and Zou, X. M.: It is also possible that the extra nutrients lead to thinner leaves with a higher
turnover and therefore a shorter leaf lifespan, Applied soil ecology, 37, 63-71, https://doi.org/10.1016/j.aps0il.2007.03.012,
2007.

Yong, Y., Huang, P., Xu, S., Yang, X., Bao, J. and Zheng, Z.: Trade-Off Between Leaf Mass Area and Phosphorus
Concentration Alters Resource-Use Strategy of Understory Plants Under Long-Term Nitrogen and Phosphorus Addition in a
Subtropical Forest, Forests, 16, 319, https://doi.org/10.3390/f16020319, 2025.

35



