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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Andrew Margenot The tropical montane forests in southern Ecuador are subject to rising nitrogen (N), low phosphorus (P), and
episodic calcium (Ca) deposition. To investigate the response of the vegetation, soil organic layer and mineral
soil to 0.3 m depth to increased nutrient inputs, we initiated in 2008 an interdisciplinary Nutrient Manipulation
Experiment (NUMEX) at 2000 m a.s.l. We have applied N as urea at 50 kg ha~! year !, P as NaH,POy4 at 10 kg
ha~! year™!, combined N and P at 50 + 10 kg ha™! year™!, and Ca (as CaCly), at 10 kg ha™! year~!. From 2008 to
2012, we set up annual budgets by calculating net fluxes of N, P, Ca and Na for the canopy, the organic layer and
the mineral soil and determined 5!°N values in the foliage of the four most abundant tree species, litterfall and
organic layer. The addition of P and N + P increased P leaching from the canopy, suggesting a reduced retention
of deposited P by canopy organisms. All added nutrients were largely retained in the soil organic layer and
tightly cycled between the organic layer and the vegetation via litterfall and throughfall. The small leaching
losses of N, P, Ca and Na from the organic layer were retained in the upper mineral soil. The retention of the
added nutrients in the ecosystem indicated a strong nutrient demand. Nevertheless, the N enrichment in the
organic layer was an early indicator of beginning N losses from the ecosystem by leaching and volatilization,
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which could not yet be detected by our flux-based budgeting approach.

1. Introduction

The tropical montane forests of southern Ecuador on the eastern
slopes of the Andes, at the western edge of the Amazon basin, are subject
to climate change, particularly more frequent and longer dry phases
(Peters et al., 2013). In these perhumid forests receiving > 2000 mm of
annual precipitation, increasing dryness reduces soil waterlogging,
which enhances organic matter mineralization and thus increases
nutrient availability, particularly of N and P (Schuur and Matson, 2001;
Wilcke et al., 2020a). Moreover, these forests receive increasing nitro-
gen (N) inputs by deposition from the atmosphere, mainly originating
from Amazonian forest fires (Boy et al., 2008; Wilcke et al., 2013),
steady, low phosphorus (P) inputs with the NE trade winds (Fabian et al.,
2009; Wilcke et al., 2019, Prospero et al., 2020) and episodic calcium
(Ca) deposition with Saharan dust during strong La Nina events (Boy and
Wilcke, 2008). As a consequence, nutrient availability increases in the

Ecuadorian montane forests. An increased nutrient availability, partic-
ularly of N and P, can generally be detrimental to plant diversity in
natural ecosystems (Matson et al., 1999; Sala et al., 2000; Wassen et al.,
2005; Phoenix et al., 2006; Hietz et al., 2011). Therefore, it can pose a
threat to the species-rich, Ecuadorian tropical montane forests which
belong to the Tropical Andes hotspot of biodiversity (Myers et al., 2000;
Barthlott et al., 2005) and can negatively affect stream water quality
(Cunha et al., 2011; Cameron et al., 2013; McDowell et al., 2025).
Nutrient manipulation experiments have been widely used to iden-
tify nutrient limitations and explore the response of ecosystems to
increasing nutrient availability (Vitousek and Farrington, 1997; Tanner
et al., 1998; Elser et al., 2007; Cunha et al., 2022). In such experiments,
mass balances of nutrient fluxes for the canopy, the soil organic layer
and the root zone of the mineral soil allow to identify nutrient retention
and losses (Christ et al., 1995; Adams et al., 1997; Yanai et al., 2013;
Magill et al., 2000; Likens, 2004, Shao et al., 2016). The response of
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nutrient cycling to global change is highly variable (Cusack et al., 2016),
while the number of fertilization experiments in tropical forests is low
(Cleveland et al., 2011; Wright, 2019). Consequently, more experiments
and long-term observations are needed to predict global change effects
on tropical montane forests. One such experiment is the Nutrient
Manipulation Experiment (NUMEX) in the southern Ecuadorian tropical
montane forest, which began in 2008 (Martinson et al., 2010; Wullaert
etal., 2010; Homeier et al., 2012). NUMEX showed that forest growth in
the studied ecosystem was co-limited by N and P (Homeier et al., 2012).
The joint addition of N + P influenced microbial activity (Krashevska
et al., 2010), nutrient cycling (Wullaert et al., 2010; 2013), biomass
production (Homeier et al., 2012; Baez and Homeier, 2018), gaseous N
fluxes (Martinson et al., 2013; Miiller et al., 2015), seedling performance
(Carate-Tandalla et al., 2018), phosphatase activity (Dietrich et al.,
2016), dissolved organic matter and N leaching (Velescu et al., 2016)
and wood anatomical traits (Spannl et al., 2016).

In forest ecosystems, nutrient deposition from the atmosphere first
interacts with the tree canopy, where nutrients can be retained or
leached (Ulrich, 1983; Staelens et al., 2008). Retention of deposited
nutrients or nutrient leaching from the canopy depend on the kind of
growth limitation of the vegetation and the needs of the canopy or-
ganisms (Pardo et al., 2011; Van Langenhove et al., 2020; Guerrieri
et al., 2021). In NUMEX, additions of N reduced N retention by the
canopy after 1.5 experimental years and accelerated aboveground N
fluxes (Wullaert et al., 2010). Additions of P to this tropical montane
forest increased P concentrations in throughfall and reduced the canopy
retention of deposited P from the atmosphere after 1.5 experimental
years (Wullaert et al., 2010), while the P use efficiency and most likely
the P resorption efficiency of the vegetation decreased (Homeier et al.,
2012). However, after two years of Ca additions to this forest, the can-
opy budget of Ca calculated as the difference between the Ca inputs from
the atmosphere by bulk and dry deposition and the Ca loss from the
canopy via throughfall was not significantly changed (Wullaert et al.,
2013). After five years, the addition of N and P increased the Ca fluxes
with throughfall and indicated an enhanced availability of Ca in soil
solution (Velescu et al., 2021).

Tropical montane forests can have thick organic layers (Wilcke et al.,
2020b), which is attributed to prolonged waterlogging restricting the
decomposition of organic material (Tanner et al., 1998; Schuur and
Matson, 2001). Because the poor aeration of the mineral soil decreases
rooting depth (Jackson et al., 1996), most of the root biomass of the
studied forest in south Ecuador is found in the organic layer (Soethe
et al., 2006; Moser et al., 2010). In NUMEX, after one year of nutrient
additions, fertilized N, P and Ca were retained in the organic layers of
the study site with minor leaching losses to the mineral soil (Wullaert
et al., 2010; 2013). Although an enhanced NO3 mobility may be asso-
ciated with cation losses from the root zone (Currie et al., 1999; Cusack
et al., 2016), increasing NOj3 leaching after five years of N additions to
the studied forest did not increase Ca and Na leaching (Velescu et al.,
2016; 2021).

Because biological processes change the stable N isotope ratios by
fractionation, temporal trends of the 8'°N values in leaves, sediments or
tree rings typically indicate a changing N cycling (Hietz et al., 2011;
Holtgrieve et al., 2011, McLauchlan et al. 2013). Increasing foliar 515N
values can reveal shifts towards N saturation (Pardo et al., 2006) and
resulting N losses to water bodies and the atmosphere (Aber et al., 1998;
Hogberg and Johannisson, 1993). The 6!°N values can therefore serve as
an early, sensitive indicator of N losses before these can be detected by a
budgeting approach, in which the uncertainties of all considered flux
measurements accumulate. In NUMEX, N additions stimulated net
nitrification (Miiller et al., 2015), nitrous oxide production (Martinson
etal., 2013) and increased NO3 leaching from the organic layer (Velescu
et al., 2016).

In the mineral soil, NH4 can be retained through root uptake, mi-
crobial immobilization and fixation in the clay fraction (Corre et al.,
2003). In contrast, NO3 is prone to leaching to water bodies in soils with
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predominantly negative surface charges, such as those in the southern
Ecuadorian Andes (Schrumpf et al., 2001), unless it is taken up by plants
or microorganisms from the soil solution or removed via denitrification
(Cameron et al., 2013). The main retention mechanism of P in mineral
soils is sorption to charged surfaces (Rechberger et al., 2021), but P can
also precipitate as little soluble Al phosphates in the acidic soils of the
tropical montane forest, which are unavailable for plant uptake. Cal-
cium and Na are primarily retained in mineral soils by adsorption to
cation-exchange sites, with leaching occurring only if the retention ca-
pacity in the topsoil is exceeded (Lehmann and Schroth, 2003).

In this study, our overall objective was to determine whether and
how five years of nutrient additions to a native tropical montane forest
in southern Ecuador shifted this ecosystem towards nutrient saturation,
as reflected by the flux budgets of the canopy, the organic layer, and the
mineral topsoil. As nutrient availability approaches saturation, nutrient
losses are expected to become more pronounced. Specifically, we hy-
pothesize that (i) fertilization decreases the canopy retention — deter-
mined as the flux budget of bulk + dry deposition minus throughfall — of
deposited N, P and Ca from the atmosphere, because more nutrients are
taken up via the roots; (ii) after five years of nutrient additions there is
still a tight nutrient cycling between the organic layer and the vegetation
with limited losses to the mineral soil, although the fertilization
increased nutrient concentrations; (iii) nutrient budgets of the mineral
soil are little changed by fertilization as a consequence of the tight
nutrient cycling between the vegetation and the organic layer and (iv)
nevertheless, stable N isotope ratios in foliage, litterfall and organic
layer indicate beginning N losses which cannot yet be detected with the
budgeting approach.

2. Material and methods
2.1. Study area

The study area is located on the Amazon-exposed slopes of the south
Ecuadorian Andes (3.58° S, 79.08 W) and belongs to the Tropical Andes
hotspot of biodiversity (Myers et al., 2000; Barthlott et al., 2005). The
experimental plots were established in the Reserva Bioldgica San Fran-
cisco (RBSF) at 2010-2128 m a.s.l. (Fig. 1) and their slope ranges be-
tween 15° and 40°, with an average of 28°.

Annual precipitation is unimodally distributed with a maximum
between April and July, but without a dry season. From 2008 to 2012,
precipitation averaged 2131 + 248 mm (SD), with an interception of 41
+ 3% (Velescu et al., 2021). During the same period, mean annual
temperature was 15.6 + 0.3 °C and mean air humidity was 84.9 + 1.1%.
The warmest month was November with 16.4 & 0.3 °C and the coldest
month was July with 14.7 + 0.9 °C. Temperature and humidity were
recorded at the climate station at 1957 m a.s.l. (Rollenbeck et al., 2015).

The vegetation cover consists of an old-growth lower montane forest
(Bruijnzeel and Hamilton, 2000; Homeier et al., 2008). The mean can-
opy height is 12-14 m and the crown radius 2-4 m, reaching up to 5-6
m. At the experimental site, Graffenrieda emarginata Ruiz & Pav. (Mel-
astomaceae), Alchornea lojaensis Secco (Euphorbiaceae), Myrcia sp. nov.
(Myrtaceae) and Hieronyma fendleri Briq. (Phyllanthaceae) were the
most common tree species and accounted for 55.6% of the tree stems
with a diameter at breast height > 0.1 m, contributing 28.2%, 10.2%,
8.8% and 8.4%, respectively (Baez and Homeier, 2018). The remaining
44.4% of the tree stems belonged to about 50 different species which
could not be considered. The leaf area index on the studied plots was
3.4-5.3 (Homeier et al., 2013).

The soils of the study area developed from Palaeozoic phyllites and
metasandstones belonging to the Chiguinda unit of the Zamora series
(Hungerbiihler, 1997). They are young, shallow (< 60 cm), acidic (pH <
4) and frequently water-saturated, have a loamy texture and were
classified according to IUSS Working Group WRB (2022) as Stagnic
Cambisols (Hyperdystric, Chromic) (Table S1). The mineral soil is
covered by thick organic layers which constitute the main rooting zone
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Fig. 1. Location and design of the Nutrient Manipulation Experiment (NUMEX). Our study focuses on the experimental site at 2000 m a.s.l. near the Research Station
San Francisco (ECSF). Coordinate system: WGS84, UTM Zone 17 M. Cartographic data: Instituto Geografico Militar (2013).

for plants (Soethe et al., 2006; Moser et al., 2010).

2.2. Experimental design

The interdisciplinary nutrient manipulation experiment (NUMEX)
consists of three experimental sites at 1000, 2000 and 3000 m a.s.l.
Details on all NUMEX sites are given by Martinson et al. (2010) and
Homeier et al. (2012). We focused on the experimental site at 2000 m a.
s.l. in the RBSF, which consists of continuous, separate additions of N, P
and Ca, a combined N + P treatment and unfertilized control plots
(Fig. 1). The 20 plots (20 m x 20 m) of the experimental site are arranged
in a fourfold replicated, randomized block design. To study the response
of the ecosystem to increasing nutrient availability we have applied 50
kg ha™! year’1 of N as urea (46% N, 5!°N value: -0.3 & 0.1 %o), 10 kg
ha ! year™! of P as sodium dihydrogen phosphate (NaH,PO4H,0,
AppliChem GmbH, Darmstadt, Germany), 50 kg + 10 kg ha ! year ! of
N and P and 10 kg ha™! year’1 of Ca as calcium chloride (CaCly-2H50,
Merck, Darmstadt, Germany). The P fertilizer included 7.4 kg ha™?
year~! of Na. The nutrients were applied directly to the soil surface,
paying particular attention to their uniform distribution on the experi-
mental plots (Wullaert et al., 2010). Nutrient additions were split into
two applications per year, amounting to a total of 10 applications for the
study period 2008-2012.

2.3. Field sampling

All study plots were equipped with throughfall collectors, zero-
tension lysimeters below the organic layer, suction cups at 0.15 m and
0.3 m mineral soil depth. Stem flow collectors were not included because
in the studied forest stem flow accounted for < 2% of the precipitation
(Fleischbein et al., 2006, Wilcke et al., 2017). The sampling and the
equipment used to collect water samples is described in detail in Velescu
et al. (2021). In summary, weekly precipitation was collected at two
neighboring locations, each equipped with five rain collectors that
sampled bulk deposition. Throughfall was sampled on the 20 experi-
mental plots, each equipped with 20 rain collectors. Litter leachate,
which is the solution percolating through the organic layer, was
collected on each plot with three zero-tension lysimeters installed below

the organic layer. Mineral soil solution was continuously collected with
ceramic suction cups at 0.15 and 0.3 m mineral soil depth. Throughfall,
litter leachate and soil solutions were sampled fortnightly from 2008 to
2012. The collected samples were transferred to the field laboratory of
the Estacion Cientifica San Francisco (ECSF) immediately after sam-
pling, filtered through ashless filters Type 392 (Sartorius-Stedim GmbH,
Gottingen, Germany) with 4-7 um pore size and stored at —20 °C until
their shipping in frozen condition to the University of Bern, Switzerland
for chemical analysis.

Leaf samples of sun-exposed branches of the four most common
species G. emarginata, A. lojaensis, Myrcia sp. nov. and H. fendleri were
collected in February 2013 from a total of 109 trees on the NUMEX plots
to quantify foliar nutrient concentrations and explore the response of the
element cycling in plants to the added nutrients. The leaves were dried
at 60 °C in a drying oven before chemical analyses.

Litterfall was collected monthly from 2008 to 2012 with six
randomly placed litterfall traps (0.36 m?) per plot, which were posi-
tioned at 1 m above ground. The collected samples were oven-dried at
60 °C before determining their dry weight. For chemical analysis, sub-
samples were collected one week after the monthly litterfall collection
from two litterfall traps per plot, which were randomly chosen. After
drying and weighing, these samples were bulked per plot and month for
further analyses.

The Oi, Oe and Oa horizons which form the soil organic layer were
sampled after the second annual fertilization in October 2008 and
December 2012, after one and, respectively, five experimental years, at
five randomly selected points within each plot. The mineral soil was
sampled in August 2007, before the start of the experiment. All samples
were dried at 40 °C in a drying oven. The bulk density of the organic
horizons was determined by collecting two additional samples with a
wooden frame (0.15 x 0.15 m), and drying them at 105 °C to constant
weight in a drying oven.

2.4. Chemical analyses and quality control

Concentrations of Ca and Na in rainfall, throughfall, litter leachate
and mineral soil solution were measured by flame atomic absorption
spectroscopy (F-AAS, ZEEnit 700P, AnalytikJena, Jena, Germany). Total
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N (TN) and total P (TP) concentrations were measured by continuous
flow analysis (CFA) using UV digestion, high resolution colorimetry and
photometric detection (AutoAnalyzer 3 HR, Seal GmbH, Norderstedt,
Germany). Chloride (Cl) concentrations were also measured by CFA
with an ion-selective electrode (ISE, Orion lonplus, Thermo Scientific,
Beverly, USA) optimized for low-range measurements. Average detec-
tion limits were 0.002 mg L ™! for Ca, 0.001 mg L ™! for Na, 0.042 mg L~}
for TN, 0.004 mg L™! for TP and 0.029 mg L~! for CI. We analyzed
certified control standards every 20 samples and accepted measurement
batches if the results of the control standards deviated by < 10% from
the target values.

Litterfall, leaf material and organic layer samples were ground to a
fine powder in a planetary ball mill (Retsch, Haan, Germany). Aliquots
of the ground samples were digested with 69% HNOs3 (Rotipuran supra,
Carl Roth, Karlsruhe, Germany) and 30% H,0, (Suprapur, Merck,
Darmstadt, Germany) in a microwave oven (CEM, Mars 6, Kamp-
Lintfort, Germany). Concentrations of Ca, Na and P were measured by
inductively coupled plasma optical emission spectroscopy (Agilent
Technologies, 5100 VDV ICP-OES, Waldbronn, Germany). The quanti-
tative recovery of the target elements (100 + 10%) was tested by
including a certified reference material (SRM 1515 Apple leaves, NIST,
Gaithersburg, USA) in every digestion batch (18-20 samples).

The total N concentrations and the §!°N values of foliage, litterfall
and of the organic layer samples were measured with an elemental
analyzer (Thermo Scientific, Flash 2000 HT Plus, Bremen, Germany)
coupled to an isotope-ratio mass spectrometer (Delta V Advantage IRMS,
Thermo Scientific, Bremen, Germany). We referenced our measure-
ments to 5'°N-air scale by linear regression using the reference materials
IAEA-N1, IAEA-N2 (IAEA, Vienna, Austria), USGS-61 and USGS-25
(USGS, Reston, USA). The precision of the 51°N analyses determined
by repeated measurements of an internal standard (homogenous leaf
material from the study site) was 0.08 %o.

2.5. Calculations and statistical evaluation

Reference evapotranspiration (ET;) required to calculate below-
ground water fluxes was modeled using the Penman-Monteith equation
(Allen et al., 1989, Allen et al., 1998) implemented in REF-ET 3.1.16
(Allen, 2013), based on a net balance of energy fluxes. For these cal-
culations, we used air temperature, air humidity, wind speed and global
radiation which were recorded at the ECSF climate station at 1957 m a.s.
L. (Rollenbeck et al. 2015). The belowground water fluxes were calcu-
lated with a water balance model (DVWK, 1996; Leimer et al., 2014).
Monthly element fluxes were obtained by multiplying monthly mean
concentrations with their respective water fluxes (Velescu et al., 2021).
Monthly fluxes were aggregated to annual fluxes to set up annual
element budgets for the period 2008-2012. These budgets represent net
fluxes through the forest canopy, the organic layer and the mineral
topsoil (Fig. S1). Litterfall was considered an internal flux and was not
included in the calculation of the ecosystem budgets.

To calculate the canopy budget (CB) of each studied element on all
studied plots, we used the canopy exchange model of Ulrich (1983) to
estimate the particulate dry deposition to the canopy surfaces (i.e.
leaves, branches, epiphytes, epiphylls, accumulations of organic mate-
rial, biological crusts). We calculated the canopy budget of an element i
as the difference between total deposition (TD) and throughfall fluxes
(TF) according to Eq. (1).

CB; = TD; — TF; (€9)

Negative values of the CB indicate net leaching from the canopy, posi-
tive ones net retention of elements deposited from the atmosphere by the
canopy (i.e. by leaf surfaces, phyllosphere organisms and accumulations
of organic material). Total deposition (TD) of an element i was calcu-
lated with Eq. (2):
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TD; = BD; + DD; (2)

where BD is the directly measured bulk deposition of the element i and
DD is the fine particulate part of the dry deposition of the element i
estimated with Eq. (3):

DD; = TF¢ / BDg x BD; — BD; 3

where TFc) represents the throughfall flux and BD¢ the bulk deposition
of CI'. The deposition ratio TF¢;/BD¢; can be used to estimate the DD if it
is assumed CI  is an inert tracer in the canopy and that the ratio of TD to
BD is the same for all elements (Ulrich, 1983). Previous work in the same
tropical montane forest demonstrated that Cl' could be considered a
non-reactive tracer to calculate the CB (Boy and Wilcke, 2008; Boy et al.,
2008; Wilcke et al., 2017; Wilcke et al., 2019). To reduce the temporal
variation of the Cl” fluxes and the influence of the measurement uncer-
tainty of Cl” on the CB, we calculated one deposition ratio of Cl” for each
budgeting year.

To calculate the organic layer budget (OLB) of each element i, we
used the inputs by throughfall (TF), the outputs from the organic layer
with litter leachate (LL) and the quantity of the added nutrients (A)
according to Eq. (4):

OLB; = TF; — LL; + A; @

The total soil input (TSI) of an element i was calculated as the sum of
throughfall (TF) and litterfall (LF) reaching the surface of the soil
organic layer (Eq. (5). It provides an estimation of the aboveground
return fluxes from the vegetation for the given element:

TSI; = TF; +LF; 5)

The flux budget of the uppermost 0.3 m of the mineral soil (MSB) for
each element i was calculated as the difference between the input to the
mineral soil by litter leachate (LL) and the output flux with the soil so-
lution (SC30) from 0.3 m mineral soil depth using Eq. (6):

MSB; = LL; — SC30; (6)

Total element stocks in the organic layer were calculated using bulk
density, horizon thickness and element concentrations measured in each
sampled organic layer horizon (Oi, Oe and Oa).

To explore the effects of the added nutrients, we compared the
treatments with the controls and estimated the contribution of the
fertilized elements to the nutrient budgets of each treatment. Statistical
analyses were performed with the software R, version 3.5.2 (R Core
Team, 2018). To detect significant treatment effects and compare effects
among treatments, we used linear mixed effects models implemented in
the R-package Ime4 (Bates et al., 2015) and tested for homogeneity of
variances with the Levene’s test and for normal distribution of the re-
siduals using quantile-quantile plots. We specified treatments and
controls as fixed effects, with the four blocks as random factor over the
five years of the experiment and calculated error probabilities of the
fixed effects with the functions cftest and glht in the package multcomp
(Hothorn et al., 2008). We calculated the budget terms for each indi-
vidual plot and used these values as inputs to the linear mixed effects
models. The reported uncertainties reflect the variation among the
replicate plots. We analyzed time series of the 8'°N values of litterfall
using the seasonal Mann-Kendall test (Hirsch et al., 1982) included in
the R-package Kendall (McLeod, 2011). The figures include solid lines
intended to represent significant trends without implying that these
trends are linear.

3. Results
3.1. Foliar nutrient concentrations, litterfall and soil organic layer

We observed significant, species-specific responses of the four
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studied common tree species to nutrient additions (Table 1). The N and
N + P additions increased the 5'°N values in the leaves of all four studied
species collected in 2013 after five experimental years. The P and N + P
additions significantly increased foliar P concentrations of
G. emarginata, A. lojaensis and Myrcia sp. nov., and decreased foliar N:P
ratios in all four studied species. Additionally, the P treatment led to a
marginally significant increase (p < 0.1) in foliar P concentrations of
H. fendleri. Calcium additions increased foliar Ca concentrations in three
of the four species (A. lojaensis, G. emarginata and Myrcia sp. nov.), and
decreased foliar N concentrations in H. fendleri and Myrcia sp. nov.

In the control, litterfall had the highest contribution to the total soil
input of N (74%), P (84%) and Ca (82%), while throughfall was the main
input pathway for Na (98%) to the soil organic layer. The N + P treat-
ment increased the mean N and P fluxes with litterfall compared to the
control, which was attributable to increasing N and P concentrations,
while the individual additions of N or P did not significantly change the

Table 1

Foliar nutrient concentrations, N:P ratios and 8'°N values of the four most
common tree species in 2013. Concentrations and standard errors of the block
means are given for the control treatment and the 5'°N values. For the other
treatments, the numbers show the deviation from the control in percent. Sig-
nificant differences from the control (p < 0.05) are shown in bold; marginally
significant differences (p < 0.1) in italics; n is the number of sampled trees.
Sodium concentrations were mostly below the detection limit and were not
included.

Species Treatment N P Ca N:P °Nair n
Concentrations [mg g~ '] and %o
deviation from control [%]
Alchornea Control 13.1 0.84 3.01 16.1 -3.79 5
+09 + + +1.2 +£045
0.10 0.34
lojaensis +N +15 +1 —-28 +13 —1.44 5
+ 0.70
+NP +8 +37 +9 -22 —0.63 6
+ 0.61
+P +3 +44 +1 —25 -3.89 5
+0.48
+Ca +2 +7 +79 -6 —4.73 4
+ 0.89
Graffenrieda ~ Control 12.0 0.49 1.19 24.6 —-2.83 7
+07 + + +08 £0.42
0.03 0.13
emarginata +N +6 +10 +3 -3 —0.72 6
+0.19
+NP —4 +44 +14 -31 —0.32 6
+ 0.31
+P -5 +44 +39 —32 —3.03 6
+0.31
+Ca -3 +10 +118 -12 -3.39 5
+ 0.40
Hieronyma Control 15.0 0.87 2.21 17.4 —-2.12 5
+08 + + +06 +£0.70
0.06 0.13
fendleri +N —11 -19 —-27 +14 —0.33 4
+ 0.41
+NP —4 +3 -18 —6 -0.87 7
+0.59
+P -9 +14 +10 —-21 —3.64 5
+ 0.42
+Ca -16 -14 +20 -2 —2.94 3
+0.93
Myrcia Control 13.2 0.43 0.77 30.6 —2.55 7
+11 + + +21 +£0.46
0.02 0.12
Sp. NOV. +N —-12 +11 —6 —20 -1.78 6
+ 0.39
+NP -13 +21 -21 —27 —0.69 4
+ 0.25
+P —16 +26 -10 —33 —2.40 7
+0.63
+Ca —16 0 +34 -15 —2.20 6
+0.68
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N and P fluxes with litterfall, respectively. The Ca additions marginally
increased the annual mean Ca fluxes with litterfall. The §'°N values of
litterfall increased with time in all treatments and in the control (Fig. 2),
but only the temporal trends in the N and N + P treatments were
significantly different from the control. This was in agreement with
significantly enriched 8'°N values in the fresh leaves of the studied
species collected in 2013 after five experimental years in the N and N +
P treatments, compared to the control (Table 1).

The N and N + P treatments increased the 5!°N values of the organic
layer compared to the control after five experimental years (Fig. 3).
Additionally, the P and N + P treatments, where P was applied as
NaH,POy,, increased the Na stocks in the soil organic layer after five
years compared to the control. However, the N, P and Ca stocks in the
organic layer were not significantly different from the control after five
experimental years (Table 2).

3.2. Canopy budgets

During the study period, total N deposition ranged from 19 to 38 kg
ha~! year™!, P deposition from 0.2 to 0.4 kg ha™! year!, Ca deposition
from 5 to 20 kg ha™! year™! and Na deposition from 6 to 9 kg ha™!
year’1 (Fig. 4). The mean annual deposition ratio of Cl" used in Eq. (3) to
estimate dry deposition was 1.46 + 0.18 over the five studied years. On
average, dry deposition accounted for 33% of the N deposition, 30% of
the P deposition, 29% of the Ca deposition and 30% of the Na
deposition.

The canopy budget of N was consistently positive in all treatments
and in the control, but this was not related with the nutrient additions
during the observation period (Fig. 5A). Of the total N deposition,
43-53% were net retained in the canopy of all plots regardless of the
experimental treatment. The canopy budget of P was negative in the P
and N + P treatments, where P and N + P additions increased P leaching
from the canopy. The canopy budgets of Ca and Na were positive in all
treatments and in the control and there were no treatment effects. Of the
total Ca deposited from the atmosphere, 40-62% were net retained in
the canopy of all plots during the study period. Sodium retention in the
canopy accounted for 30-46% of the total Na deposited from the at-
mosphere (Table S2).

3.3. Soil organic layer budgets

In the control, less than 6% of the total soil input of N (throughfall +
litterfall, Eq. (5) reaching the surface of the soil organic layer were net
lost by leaching. The inputs of P and Ca with throughfall matched the
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Fig. 2. Temporal course of 5'°N values of litterfall from 2008 to 2012. Solid
lines illustrate significant trends (p < 0.05) as revealed by the seasonal Mann-
Kendall test. Asterisks denote trends that are significantly different from the
control (p < 0.05), as determined by linear mixed models. Nutrients were
applied in February and August of each experimental year. The 8'°N of N-fer-
tilizer was -0.3 £ 0.1 %o.
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Fig. 3. 5'°N values in the organic layer of the experimental plots. Error bars
indicate standard errors (n = 4). Values not sharing a common letter are
significantly different from each other (p < 0.05) according to the Tukey HSD
post-hoc test. Asterisks denote significant differences within the same treatment
between October 2008 and December 2012. Nutrients were applied in February
and August of each experimental year and the samples were taken in October
2008 and December 2012, after one and five experimental years. The 8'°N of N-
fertilizer was —0.3 + 0.1 %o.

Table 2

Element stocks and 5!°N values in the organic layer in 2008 and 2012. The table
shows the means and the standard errors (n = 4) of the element stocks and of the
55N values in the organic layer at the experimental site in October 2008 and
December 2012. Values within each year not sharing a common letter are
significantly different from each other (p < 0.05). Values in bold indicate a
significant change within the same treatment between 2008 and 2012.

Year Treatment N P Ca Na 85N air
Organic layer stocks [kg ha™'] %o
2008  Control 4063 + 1045+ 401+ 6.8 + 0.27 +
371 7.0 4.4 0.9 0.53
+N 3364 + 101.2+ 1592+ 7.0 £ 0.38 +
339 13.9 59.6 1.5 0.24
+NP 4115 + 1134+ 949+ 139+  1.01+
138 3.6 28.9 3.7 0.34
+P 3600 +  96.9 + 54.5 + 1.1+ 015+
584 18.1 12.1 2.2 0.29
+Ca 4505 + 1248+  79.4+ 8.7 + —0.09 +
782 21.5 15.1 2.0 0.23
2012  Control 4437 + 1327+  95.0 + 4.2+ 0.68 +
348 9.2 19.2 0.1° 0.23°
+N 3847 + 1376+ 950+ 42+ 1.56 +
511 19.9 9.3 0.4 0.18°
+NP 4605 + 1536+  117.7 + 179+ 144+
235 6.8 34.0 2.82 0.30 %
+P 4216 + 1372+ 1361+ 187+  0.66 +
675 34.5 22.1 5.1° 0.29 %
+Ca 5297 + 1575+ 1521+ 58+ 0.45 +
1030 24.5 26.6 1.1° 0.37°

outputs with litter leachate, while 15% of the total soil input of Na
accumulated in the organic layer.

The soil organic layer budgets of N, P and Ca were positive during the
studied period in the N, P, N + P and Ca treatments, respectively, and
different from the control (Fig. 5B). Of the total inputs to the surface of
the soil organic layer via throughfall, litterfall and fertilization, 40% of
the N, 82% of the P and 33% of the Ca were retained in the organic layer.
Interestingly, in the N + P and P treatments a fraction of the Na included
in the P fertilizer was also retained in the organic layer, increasing the
Na accumulation already observed in the control plots to 36-39% of the
Na inputs via throughfall, litterfall and fertilization to the surface of the
soil organic layer.

Between 6 and 10% of the added N, <9% of the added Ca, <3% of the
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Fig. 4. Mean annual deposition at the study site from 2008 to 2012. Error bars
indicate the standard deviations of the total element deposition over five
observation years.

added P and 50-55% of the added Na were leached from the organic
layer into the mineral soil. Therefore, >90% of the added N, P and Ca
along with roughly half of the added Na were cycled between the
vegetation and the soil organic layer.

3.4. Mineral soil budgets

In all treatments and in the control, all nutrients leached from the
organic layer were net retained in the upper 0.3 m of the mineral soil,
which together with the organic layer constitutes the main root zone.
The P and N + P additions significantly increased the net P retention in
the mineral soil compared to the control (Fig. 5C). However, the N and
Ca additions did not influence the mineral soil budgets significantly. The
mean leaching rates with soil solution to > 0.3 m soil depth were < 1.5
kg ha™! yealr’1 for all studied elements (Table S2). Therefore, 15-17%
of the N and 8-15% of the P that leached from the organic layer were lost
to soil horizons > 0.3 m soil depth. The losses of Ca to > 0.3 m soil depth
accounted for 35-51% of the inputs with litter leachate. As expected, P
and N + P treatments significantly increased Na losses to > 0.3 m soil
depth, which represented 45-48% of the Na inputs with litter leachate,
while in the control only 28% of the Na inputs with litter leachate were
lost by leaching to > 0.3 m soil depth. The annual leaching losses of the
added N, P and Ca with soil solution to > 0.3 m mineral soil depth
accounted for 0.1-1.6% of the fertilized amounts, while losses of added
Na accounted for 32-36% of the fertilized amounts.

3.5. Fate of the added nutrients

From October 2008 to December 2012 (four years and eight fertilizer
applications) the annual increase of the element stock in the organic
layer accounted for 59-63% of the added N, 33% of the added P, 48% of
the added Ca and 25-38% of the added Na (Fig. 6). However, these
increases were not statistically significant because of the strong spatial
variability of element stocks in the organic layer and the relatively low
fertilization inputs compared with the high background stocks. Added N
and Ca were cycled to a larger extent with litterfall than with through-
fall, which accounted together for 13-24% of the added N and for 50%
of the added Ca. Litterfall and throughfall returned each between 6 and
12% of the added P, indicating comparable contributions of these
pathways to P cycling. Sodium was predominantly cycled with
throughfall, which accounted for 5-6% of the added Na. The leaching
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Fig. 5. Element budgets of the ecosystem from 2008 to 2012. The figures show the mean annual (A) canopy budgets (Eq. (1), (B) organic layer budgets (Eq. (4) and
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common letter are significantly different from each other (p < 0.05).
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Fig. 6. Fate of the added nutrients in the experimental treatments. The figures show the mean annual cycling rates of the added (A) nitrogen, (B) phosphorus, (C)
calcium and (D) sodium in the nutrient manipulation experiment (NUMEX) from October 2008 to December 2012. Error bars show standard errors (n = 4). Annual
fertilization rates were 50 kg ha~! year ! of N (urea), 10 kg ha~! year™! of P (NaH,PO,), and 10 kg ha~! year~" of Ca (CaCl,). The NaH,POy fertilizer included 7.4 kg
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loss of added Na to > 0.3 m mineral soil depth was similar to the increase 4. Discussion
of the Na stock in the organic layer.

4.1. Effects of nutrient additions on canopy budgets

The finding that during the observation period of five years,
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deposited N, Ca and Na from the atmosphere were consistently net
retained in the canopies of all experimental plots is in contrast to our
first hypothesis. Only the P and N + P additions significantly increased
leaching losses of P, shifting the P canopy budgets towards negative
values in line with our expectation (Fig. 5A).

The retention of the total N deposition in the canopy (47%) falls in
the range described by Lovett and Lindberg (1993), Schwarz et al.
(2014) and Guerrieri et al. (2021) for several temperate and tropical
forests. The finding that after five years of fertilization N additions did
not change the canopy budget of N is in contrast to the earlier obser-
vations of Wullaert et al. (2010) who reported reduced canopy N
retention in the N and N + P treatments after 1.5 years of fertilization.
The unchanged canopy budget of N after five years is also surprising
because tree seedlings showed increased foliar N concentrations in the N
and N + P treatments of NUMEX (Carate-Tandalla et al., 2018), which
could increase the leaching potential of N. After the first year of fertil-
ization in NUMEX, N + P additions increased leaf litter production
significantly, but separate N additions did not have a significant effect
on leaf litter production (Homeier et al., 2012). A stimulated leaf pro-
duction (Homeier et al., 2012) may have favored further N uptake from
the deposition in addition to the N uptake via the roots and, thus,
reduced N leaching. A study by Clark et al. (2005) in a tropical montane
forest in Costa Rica revealed that N retention by epiphytic bryophytes
could include 61-67% of the inorganic N retained by the canopy. At our
study site, N additions affected the N cycling associated with epiphytes
which assimilated additional N (Matson et al., 2014) and could have
additionally reduced N leaching. We therefore suggest that an increased
leaf area and N uptake of epiphytes in the later phase of the five
observation years reversed the early effect of the N and N + P additions
on the canopy budget of N.

The negative canopy budgets of P in the P and N + P treatments
confirmed earlier observations that the canopy retention of P tended to
decrease after 1.5 years of fertilization (Wullaert et al., 2010). After five
years, at least marginally significant increases in leaf P concentrations
and consistently lower foliar N:P ratios in the leaves of the four studied
species in the P and N + P treatments (Table 1) — which included the four
most abundant species representing more than the half of the trees with
a diameter at breast height > 0.1 m - suggested a reduced P limitation,
which may have favored P leaching from the leaves. We did not study
the remaining ca. 50 tree species and, therefore, their response to the P
additions remains unknown.

The forest canopy retained on average 64% of the Ca deposition from
the atmosphere irrespective of the treatments, which again confirmed
the short term observations of Wullaert et al. (2013) at the same
experimental site. The Ca concentrations in the foliage increased sub-
stantially after five years of Ca additions (Table 1), indicating that the
fertilized Ca contributed to satisfying the Ca demand of the trees. At the
same time the Ca uptake from deposition should have decreased. We
therefore suggest that the positive canopy budgets of Ca reflected the Ca
requirements of the rich epiphyte community and their associated
canopy organisms (Homeier et al., 2008; Werner et al., 2012). Moreover,
there was possibly a Ca immobilization by organisms living in the
organic material of canopy soils (Matson et al., 2014). Apparently, the
Ca demand of the canopy organisms could not be satisfied by our fer-
tilizer application to the soil.

About 40% of the deposited Na were consistently retained in the
canopy during the studied period independently of fertilization, simi-
larly to the observations of Wilcke et al. (2017) in a neighboring
catchment. At our study site, Na deposition is low during most of the
time, because easterly trade winds with low Na concentrations prevail
throughout the year (Makowski Giannoni et al., 2016). While Na is a
beneficial but not essential element for plants, it is an essential element
for animals and bacteria (Thomas and Apte, 1984). We therefore suggest
that the uptake of Na by the microorganisms living in the phyllosphere
and in the organic material of the canopy soils explains the net canopy
retention of Na. These organisms apparently cannot benefit from the Na
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added to the soil.
4.2. Element cycling between the soil organic layer and the vegetation

The net retention in the organic layer of the added N, P and Ca was
comparable to the short-term effects observed by Wullaert et al. (2010;
2013) after 1.5 years of nutrient additions (Fig. 5B). The low net losses of
added N, P and Ca leaving the soil organic layer with litter leachate and
the considerable return of the added nutrients with litterfall and
throughfall emphasized the tight cycling of the added nutrients between
the soil organic layer and the vegetation. This supported our second
hypothesis.

Our calculation of the change in N stocks of the soil organic layer
after five years of fertilization was associated with a high uncertainty,
because the annual N additions accounted for only 1% of the total N
pool. The average annual increase of the N stocks in the organic layer
estimated at 30 kg ha™! year™! in the N and N + P treatments corre-
sponded to 60% of the applied N and was probably the result of
adsorption and immobilization of NH; by microorganisms and conver-
sion to organic N forms (Arnold et al., 2009; Gerschlauer et al., 2016).
The N cycling rates of the added N with litterfall and throughfall
(13-24% of the added N) suggested that N and N + P additions increased
the N cycling between vegetation and organic layer, in line with ob-
servations from nutrient manipulations experiments conducted in
several, similarly species-rich tropical forests (Wright et al., 2018).

The retention of the added P in the organic layer with little net
leaching losses to the mineral soil accompanied by increasing P con-
centration in foliar tissue in response to P and N + P additions indicated
that a fraction of the added P was taken up by the vegetation. The
calculated P stock increment in the organic layer from October 2008 to
December 2012 accounted only for one third of the added P (Fig. 6) and
had again a large uncertainty. We suspect that the calculated P accu-
mulation could be substantially underestimated as a consequence of the
high spatial heterogeneity of the P concentrations and stocks in the
organic layers, which was difficult to sample representatively. The
organic layers at our study site serve as a habitat for highly diverse
microbial communities that play a crucial role in the biological retention
of P (Krashevska et al., 2010). Therefore, we suggest that the main P
retention process was microbial immobilization favored by elevated C:P
ratios (Wullaert et al., 2010) along with mycorrhizal P uptake and
transfer to plants (Camenzind et al., 2018; 2019). Additionally, added P
could also be sorbed to reactive, Al-rich organo-mineral complexes
(Spohn, 2024; Violante et al., 2002) in the organic layer, which con-
tained approximately 10% of mineral material at the study site
(Wullaert et al., 2010).

The annual increase in the Ca stocks of the organic layer from 2008
to 2012, which accounted for ca. 4.8 kg ha! year’1 (Fig. 6) and, thus,
for nearly half of the added Ca, suggests that Ca additions may have had
beneficial effects on soil fauna, litter decomposition and tree growth
(Kaspari et al., 2008; Kaspari and Powers, 2016). Because fine-root
biomass may respond to an improved nutrient supply (Nadelhoffer,
2000; Yuan and Chen, 2012), a decrease of the fine-root biomass, which
was observed after one year of Ca additions (Wullaert et al., 2013),
indicated improved growth conditions in response to the increased Ca
availability (Gower, 1987; Fahey et al., 2016). In the Ca treatment, the
percentage of the added Ca cycled with litterfall and throughfall
increased from 21% after one year of Ca additions (Wullaert et al., 2013)
to 50% after five experimental years. This illustrated that Ca retention in
the aboveground part of the ecosystem (the vegetation and the soil
organic layer) was mainly biologically controlled, in line with findings
of Wilcke et al. (2017) at a nearby forest site.

The finding that 25-35% of the Na added with the P fertilizer
accumulated in the soil organic layer (Fig. 6) was unexpected, given that
Na is not an essential plant nutrient. Because Na should be highly mobile
under the prevailing acidic conditions at our study site due to its low
competitiveness for cation exchange sites (Table S1), we suggest that Na
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was biologically retained. Sodium additions were shown to be beneficial
for ants and termites and enhanced decomposition in tropical forests
(Kaspari et al., 2014; Clay et al., 2015). Moreover, Na was an important
indicator for habitat quality of the microfauna at our study site
(Krashevska et al., 2017).

4.3. Effects of nutrient addition on the mineral soil budgets

In line with our third hypothesis, the N, Ca and Na budgets of the
mineral topsoil (0-0.3 m) were not significantly influenced by the
nutrient additions (Fig. 5C). We attribute this to the large element stock
in the mineral soil that was not changed by the small leaching losses of
the added fertilizers. In contrast, fertilized P significantly accumulated
in the mineral topsoil of the P and N + P treatments illustrating that the
mineral soil was an important sink of the fertilized P. The main retention
mechanism of P in mineral soils is sorption to positively charged surfaces
(Rechberger et al., 2021). Considering the acidic pH and the high clay
and Al concentrations at our study site (Wullart et , 2013), adsorption to
clay, Al and Fe oxides, precipitation as Al-phosphates and occlusion in
Fe and Mn concretions (Wilcke et al., 2019) likely contributed to P
retention in the mineral soil. This was in contrast to our third hypothesis.
We suggest that part of the fertilized P escaped the biological uptake by
plants and soil organisms in the soil organic layer. This was similar to the
finding that P-leaching from the leaves increased in response to P ad-
ditions (Fig. 5A).

Nevertheless, the consistently positive budgets of the mineral topsoil
(0-0.3 m) in all treatments and the control indicated that N and Ca
accumulated in the mineral soil regardless of the treatments (Fig. 5C).
Because it can be assumed that the microbial activity in the mineral soil
was lower than in the organic layer (Dove et al., 2021; He et al., 2023),
we expected immobilization by soil microorganisms to be less important
than in the organic layer. Furthermore, N and N + P additions were
reported to decrease microbial N immobilization by roughly 50% at our
study site (Baldos et , 2015). The N lost from the organic layer could
have been retained in the mineral soil by NHj fixation in the clay
fraction (Corre et al., 2003), or by adsorption of dissolved organic N onto
mineral surfaces (Bingham and Cotrufo, 2016). Some N could also have
been taken up by roots that were still present in the 0-0.3 m mineral soil
layer (Soethe et al., 2006; Moser et al., 2010) and some NO3 was leached
(NO3 was the dominating N species in the mineral soil — Wilcke et al.,
2013). For the Ca accumulation in the mineral soil, we suggest a
retention by the high cation-exchange capacity of the study soils
(Table S1), which contained three-layer clay minerals (Schrumpf et al.,
2001).

Although the Na budgets of the mineral topsoil were not significantly
affected by nutrient additions, the significantly increased Na leaching to
> 0.3 m soil depth (Table S2) suggested that the Na supply with the P
fertilization exceeded the assumed organismic demand for Na. It seems
reasonable to assume that the Na demand decreases with increasing soil
depth because of the decreasing abundance and lower activity of mi-
croorganisms (Dove et al., 2021; He et al., 2023). Additionally, more Na
could have been released by weathering of the Na-rich phyllite in the
mineral soil of the study area (Wilcke et al., 2017).

4.4. Effects of N amendments on the biological N cycling

The finding that the N and N + P additions increased the 5'°N values
of litterfall (Fig. 2) and of the organic layer (Fig. 3) during the five
experimental years supported our fourth hypothesis. Because we did not
observe significantly increased N leaching losses from the organic layer
in the N and N + P treatments, the increasing 5'°N values denoted subtle
changes of the N cycle that could not yet be detected with our budgeting
approach. Increasing 8'°N values either indicate that there was a 1°N-
enriched N input into the ecosystem or that **N was preferentially lost
from the organic layer by leaching and denitrification. From 1998 to
2010, Wilcke et al. (2013) observed an increasing N deposition to the
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study area, which had a mean §'°N value of 3.4 + 0.9 %o and a strong
temporal variation (Alvarez et al., 2024). Therefore, the increasing 515N
values of litterfall and the organic layer in all treatments and the control
could be partly attributed to the deposition of *>N-enriched N species.
The strong temporal variation in the §!°N values of bulk deposition (1.9
—5.9 %o from 2013 to 2016 — Alvarez et al., 2024) could also explain why
the positive trends in Fig. 2 show oscillations around the regression line.
A study of the NO3 fluxes with ecosystem solutions and the §'°N values
of NO3 in a forest next to the NUMEX site indicated a pronounced
nitrification in the soil organic layer favoring NO3 leaching into the
mineral soil and to the stream, and found isotopic indications of deni-
trification in the subsoils (Schwarz et al., 2011). At the NUMEX site, the
significant reduction of the soil water content in the organic layer
(Fig. S2) and an increasing number of hours with an air temperature >
25 °C (Wilcke et al., 2020a) could have further favored soil organic
matter mineralization delivering even more NHJ for nitrification. Thus,
besides the 15N-enriched inputs, °>N-depleted outputs via leaching and
volatilization are likely for all NUMEX plots.

Although the N and N + P treatments had received °N-depleted urea
fertilizer with a mean 8'°N value of —0.3 = 0.1 %o, the soil organic layer
and the litterfall showed consistently the highest §!°N values and the
most pronounced positive trend, which was significantly different from
the trends in all other plots. Similarly, the leaves of the N and N + P
treatments showed the most enriched §'°N values of all plots (Table 1).
This corresponds to the expectation that 5!°N values of the aboveground
biomass reflect the isotopic composition of the N taken up by the roots
(Garten et al., 2011). Previous work at the NUMEX site had shown that N
and N + P additions increased NO3-N concentrations in litter leachate by
2-3.7 times (Velescu et al., 2016). During the same study period, N and
N + P additions resulted in a tenfold increase in nitrous oxide emissions
from the organic layer (Martinson et al., 2013). This indicates that N and
N + P additions increased preferential losses of *N via NO3 leaching and
denitrification, explaining the temporal change of the 8'°N values of
litterfall and the soil organic layer. These losses have clearly altered the
N isotopic composition of litterfall and the soil organic layer, but have
not yet significantly influenced the organic layer budgets.

5. Conclusions

In contrast to our first hypothesis, the nutrient additions only
resulted in an increased P leaching from the canopy reflecting a high
nutrient demand of the organism community of the ecosystem, which
was alleviated by our P additions. The majority of the added nutrients
accumulated in the soil organic layer and was tightly cycled between the
organic layer and the vegetation, supporting our second hypothesis.
Interestingly, this was also true for the Na added with the P fertilizer,
although Na is not an essential plant nutrient. We suggest that the soil
fauna and the microbes, for which Na is essential, have an unmet Na
demand at our study site. As expected in our third hypothesis, nutrient
additions did not change the topsoil budgets significantly, although
there were indications of increased N leaching in the N and N + P
treatments. The latter was in line with increasing 5'°N values of litterfall
and the soil organic layer, supporting our fourth hypothesis. Increasing
515N values could indicate upcoming N losses via leaching and volatil-
ization earlier than the flux budgets with their inherent uncertainties.

Overall, most of the nutrients added over five years remained within
the studied ecosystem, resulting in increased nutrient availability with
minimal losses to the atmosphere and water bodies. This scenario can be
expected to occur across the entire tropical montane forest of southern
Ecuador in the long term, where an increased N, low but steady P, and
episodic Ca deposition have been documented. Moreover, we observed
isotopic evidence for upcoming N losses from the studied ecosystem
which belongs to a headwater catchment, with possible future eutro-
phication risks for downstream water bodies.
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