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In the past two decades, the tropical montane rain forests in south Ecuador experienced

increasing deposition of reactive nitrogen mainly originating from Amazonian forest fires,

while Saharan dust inputs episodically increased deposition of base metals. Increasing

air temperature and unevenly distributed rainfall have allowed for longer dry spells in

a perhumid ecosystem. This might have favored mineralization of dissolved organic

matter (DOM) by microorganisms and increased nutrient release from the organic layer.

Environmental change is expected to impact the functioning of this ecosystem belonging

to the biodiversity hotspots of the Earth. In 2007, we established a nutrient manipulation

experiment (NUMEX) to understand the response of the ecosystem to moderately

increased nutrient inputs. Since 2008, we have continuously applied 50 kg ha−1 a−1

of nitrogen (N), 10 kg ha−1 a−1 of phosphorus (P), 50 kg + 10 kg ha−1 a−1 of N, and

P and 10 kg ha−1 a−1 of calcium (Ca) in a randomized block design at 2000m a.s.l.

in a natural forest on the Amazonia-exposed slopes of the south Ecuadorian Andes.

Nitrogen concentrations in throughfall increased following N+P additions, while separate

N amendments only increased nitrate concentrations. Total organic carbon (TOC) and

dissolved organic nitrogen (DON) concentrations showed high seasonal variations in litter

leachate and decreased significantly in the P and N+P treatments, but not in the N

treatment. Thus, P availability plays a key role in the mineralization of DOM. TOC/DON

ratios were narrower in throughfall than in litter leachate but their temporal course did not

respond to nutrient amendments. Our results revealed an initially fast, positive response

of the C and N cycling to nutrient additions which declined with time. TOC and DON

cycling only change if N and P supply are improved concurrently, while NO3-N leaching

increases only if N is separately added. This indicates co-limitation of the microorganisms

by N and P. The current increasing reactive N deposition will increase N export from

the root zone, while it will only accelerate TOC and DON turnover if P availability is

simultaneously increased. The Saharan dust-related Ca deposition has no impact on

TOC and DON turnover.

Keywords: nutrient manipulation experiment, nitrogen (N) phosphorus (P) and calcium (Ca) additions, total organic

carbon (TOC), dissolved organic nitrogen (DON), nitrate leaching, tropical montane forest, Ecuador
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INTRODUCTION

Tropical forests generate one third of the terrestrial gross
primary production (Beer et al., 2010), absorb large amounts
of carbon dioxide (CO2) from the atmosphere (Schimel et al.,
2014) and store a considerable amount of carbon (C) in the
biomass (Jobbagy and Jackson, 2000). Thus, they play a key
role in regulating concentrations of greenhouse gases in the
atmosphere and global climate. However, they are vulnerable
to environmental change and perturbation by human activities.
Climate change (Vuille et al., 2003; Urrutia and Vuille, 2009) and
nitrogen (N) deposition (Galloway et al., 2004, 2008; Hietz et al.,
2011) are current environmental changes which might threaten
the functioning of the native tropical ecosystems in the north
Andes.

The tropical Andean forest in south Ecuador has experienced
improved nutrient supply in the past 15 years because of steadily
increasing N and episodic calcium (Ca) and magnesium (Mg)
deposition (Boy and Wilcke, 2008; Wilcke et al., 2013a). The
observed N deposition is mainly attributable to biomass burning
resulting from the conversion of natural forests to agricultural
land in the Amazon Basin (Galloway et al., 2004, 2008; Da Rocha
et al., 2005; Boy et al., 2008). On the other side, dust particles
rich in Ca and Mg originating from the Sahara are transported
over the Atlantic and deposited from the atmosphere on the
eastern slopes of the Andean cordillera mainly during La Niña
events (Kaufman et al., 2005; Boy andWilcke, 2008; Wilcke et al.,
2013b). Phosphorus (P) is predominantly deposited as mineral
aerosol dust transported with the trade winds from the Sahara to
the Caribbean and the Amazon Basin (Pett-Ridge, 2009). At the
same time, increasing air temperature and increasingly unevenly
distributed rainfall have allowed for longer dry spells and reduced
air humidity (Peters et al., 2013), resulting in a reduction of the
water content in the thick organic layer, where the activity of soil
organisms is highest.

Dissolved organic matter (DOM) serves as a C and energy
source for microorganisms and is an essential component of
the global C and N cycles (Van Hees et al., 2005; Kalbitz and
Kaiser, 2008; Bolan et al., 2011). Leaching of vegetation canopies,
litterfall and soil organicmatter are themost important sources of
DOM (Kalbitz et al., 2000). There is strong indication that the fate
of DOM in soils is controlled by microbial degradation (Kalbitz
et al., 2000). Thus, less waterlogging could favor mineralization
of DOM by microorganisms and hence increase nutrient release
from the organic layer into the mineral soil (Roman et al., 2010).

As a result of further agricultural and industrial development
in the Amazon Basin (Walker et al., 2009), biomass burning and
thus N supply with easterly winds is expected to continue in the
near future. This will result most likely in further changes of
the N cycle in the remote natural montane ecosystems of south
Ecuador, where dissolved organic nitrogen (DON) dominates the
N cycling (Goller et al., 2006; Wilcke et al., 2013a). Increasing
N richness can furthermore result in dissolved N losses from
terrestrial ecosystems to ground and surface waters, posing a
potential threat to water quality (Matson et al., 1999; Corre
et al., 2010). Moreover, elevated supply of easily plant-available
inorganic N forms—ammonium (NH+

4 ) and nitrate (NO−

3 ) –

might favor only certain plant species by stimulating biomass
production in a way that could lead to changes in species
composition and ultimately even to a reduction of species
richness in the megadiverse tropical montane forest ecosystem of
south Ecuador, which belongs to the global biodiversity hotspots
of the Earth (Myers et al., 2000; Phoenix et al., 2006).

In the fragile montane ecosystems, it is frequently assumed
that nutrient constraints limit plant growth and primary
production, which are known to be regulated by the supply
of key elements, like N and P (Vitousek and Howarth, 1991;
Tanner et al., 1998). In younger soils, N limitations were alleged
to be more frequent, since N must be accumulated from the
atmosphere, while P limitations often occur in older soils,
because availability of P, which is derived from the parent
material, is declining during soil formation (Walker and Syers,
1976). However, this model does not take into account that
thick organic layers with high nutrient stocks develop in many
tropical montane forests, which may provide sufficient N for
tree growth (Wilcke et al., 2002) especially within the context of
changing environmental conditions (e.g., reduced waterlogging
and increasing air temperature).

Since nutrient limitation was thought to be widespread in
tropical soils, P would usually limit productivity in lowland
rain forests growing on heavily weathered soils, while N, in
contrast, would be the limiting nutrient in montane rain forests
growing on less weathered young soils (Tanner et al., 1998).
Single nutrient limitations which vary with soil age were tested
in several studies, where N additions to tropical montane forests
and P additions to lowland forests increased forest growth and
primary production (Vitousek, 1984; Tanner et al., 1990, 1992;
Vitousek et al., 1993; Adamek et al., 2009). Vitousek et al. (2010)
investigated relations between N and P limitations and suggested
depletion, soil barriers, and low-P parent material as mechanisms
controlling the ecosystem mass balance of P.

Recently, single nutrient limitations have begun to be
questioned. The study of Kaspari et al. (2008) in a tropical
lowland forest in Panama revealed that nutrient limitations may
vary not only between, but also within ecosystems, so that
different limitations occur in the canopy, in the organic layer
or in the mineral soil and that nutrient limitation can also
vary temporally. In the same forest, potassium (K), phosphorus
(P), or nitrogen (N) were shown to limit root allocation, tree
growth, or litter production (Wright et al., 2011). At the same
time, extractable nutrients showed a variable response to fertilizer
addition and to the seasonality of the climate (Turner et al., 2013).
In the tropical montane forest of south Ecuador, incubation
experiments suggested that soil microorganisms might also
be limited by calcium, manganese, sulfur, and zinc (Wilcke
et al., 2002). In forests of the Oregon coast range, Ca cycling
was found to be coupled to the N cycle, particularly if N
concentrations in the ecosystem ranged between N limitation
and N saturation (Perakis et al., 2006). One of the most
comprehensive meta-analyses of studies on nutrient additions
emphasized that both N and P limitations were widespread in
terrestrial systems and revealed synergistic effects of combined
N and P enrichment, which prevailed over individual element
limitations (Elser et al., 2007). Multiple nutrient co-limitations
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were also found in grassland ecosystems for aboveground net
primary production (Fay et al., 2015), including N, P, K, and
several other micronutrients. In a large-scale study in the
Peruvian Andes and Amazonia, Fisher et al. (2013) showed
that nutrient–productivity relationships depend on elevation,
indicating strong N and P co-limitation at sites up to 1000m a.s.l.
and strong N limitation at sites above 1000m a.s.l. These results
demonstrate that various nutrient co-limitations may occur in
different ecosystems and may be widespread across multiple
elevation and latitudinal gradients.

However, constraints to primary production may be different
from limitations of organic matter cycling. A large amount of
nutrients is stored in the organic layer of tropical montane forest
soils. Thickness of organic layers was shown to increase with
elevation, because of decreasing temperatures and increasing
soil humidity, which inhibit mineralization of organic matter
and rates of nutrient turnover (Wilcke et al., 2002, 2008;
Arnold et al., 2009). Litter decomposition was limited by N
and P in a tropical forest in Hawaii, while litterfall and stem
growth were only limited by N (Hobbie and Vitousek, 2000). In
another nutrient addition experiment in a montane rain forest in
Panama, N additions increased not only stem growth and litterfall
production (Adamek et al., 2009), but also N-cycling rates in the
soil as well as NO3 leaching, resulting in a more open N cycle
(Corre et al., 2010).

Nutrient limitations play an important role in the control of
C and N cycling in tropical montane forests. Improved nutrient
availability favors microbial activity and an elevated N supply is
known to increase the turnover of light, easily degradable organic
matter, while it further stabilizes heavier, more recalcitrant
compounds of the organic matter pool (Neff et al., 2002; Janssens
et al., 2010). Fisher et al. (2013) also reported that addition
of N was associated with an increase in microbial respiration,
which confirms results revealing increased decomposition rates
of easily degradable litter as a result of N additions (Janssens et al.,
2010). Bragazza et al. (2006) reported a biologically controlled
increase in dissolved organic carbon (DOC) release from peat
with increasing N deposition in a laboratory incubation of peat
bogs from different European sites with varying N deposition
rates. For 17 sites across northwest Europe and North America
Evans et al. (2008) did not find a consistent effect of experimental
N application on DOM concentrations (in nine cases DOC
concentrations increased in response to N application and
in eight cases DOC concentrations decreased). Acidifying N
application (as NH+

4 ) mostly decreased DOC concentrations
while non-acidifying N application (as NO−

3 or NH3) increased
DOC concentrations. There was no general relationship between
N addition rate or N concentrations in soil solution and DOC
concentrations. A positive correlation between C/N ratios of
the organic layer with DOC concentrations in soil solutions
reported by Borken et al. (2011) for a number of south German
forests suggests that increasing N availability decreases DOM
concentrations, although this does not seem to be generally true
(Michalzik et al., 2001). In a tropical montane forest in the south
Ecuadorian Andes, Baldos et al. (2015) found that N additions
led to a decrease in K2SO4 extractable C, indicating a reduction
in the easily degradable C fraction in the organic layer. Finally,

at an adjacent study site, results from a long-term monitoring
at micro-catchment scale revealed steadily decreasing DON
concentrations and fractional contribution of DON to total N
in rainfall, throughfall and soil solutions over 15 years (Wilcke
et al., 2013a). The observed decreasing organic contributions
to total N were not only the result of increasing inorganic
N deposition over 15 years, but could also be attributable to
enhanced DON decomposition, which might be in turn related
with reduced waterlogging occurring simultaneously with higher
nutrient availability.

Studies conducted during the last decade often stressed that N
emissions to the atmosphere and the increasing use of fertilizers
in the modern world strongly interfere with natural nutrient
cycling (Galloway et al., 2004, 2008). In the past century, the
N cycle was markedly changed in the northern hemisphere
because of human-induced N emissions to the environment
and the use of mineral fertilizers to increase crop yields (Van
Breemen, 2002; Galloway et al., 2004, 2008; Erisman et al., 2008).
A widely used method to determine the response of ecosystems
to increased nutrient supply and to determine which elements
might have limiting effects on ecosystem processes is to set up
fertilizer experiments, were nutrients are applied at a high rates
to ecosystems (up to 250 kg ha−1 a−1), to trigger fast responses
that can be observed within short time (Tanner et al., 1998;
LeBauer and Treseder, 2008; Fisher et al., 2013). However, these
rates are much higher than actual or expected nutrient deposition
of a few tens of kg ha−1 a−1 (Galloway et al., 2004, 2008).
Because responses to low level fertilizer amendments might only
be visible after longer periods, studies investigating effects of
moderate nutrient additions are rare (Gaige et al., 2007; Fang
et al., 2009).

In summary, investigations in tropical montane forests
have shown that a considerable uncertainty still persists with
regard to the potential response of the N and DOM cycling
in these ecosystems to increasing supply of nutrients from
atmospheric deposition and from climatically favored, enhanced
mineralization of soil organic matter. Therefore, our objectives
were to elucidate the response of (i) the N cycle in a
tropical montane forest and (ii) the dissolved organic C and
N concentrations and TOC/DON ratios to nutrient additions.
We hypothesized that (i) N and Ca additions increase N
concentrations while P additions (alone and in combination with
N) reduce N concentrations in throughfall and soil solutions
and (ii) that increasing nutrient availability decreases TOC and
DON concentrations and widens the TOC/DON ratios. We
tested these hypotheses in a nutrient manipulation experiment
(NUMEX), in which N, P, N+P, and Ca were fertilized at
moderate levels considered as reflecting realistic future changes
in nutrient availability.

MATERIALS AND METHODS

Study Area
The study area is located in the province of Zamora-Chinchipe,
on the Amazon-exposed slopes of the south Ecuadorian Andes
(3.58◦ S, 79.08W). The experimental plots are situated in the
Reserva Biológica San Francisco at an altitude between 2010 and
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FIGURE 1 | Location of the research area and of the Nutrient Manipulation Experiment (NUMEX). Our study focuses on the experimental site at 2000m a.s.l.

near the Research Station San Francisco (ECSF). Coordinate system: WGS84, UTM Zone 17 M. Cartographic data: Instituto Geográfico Militar (2013).

2128m a.s.l. (Figure 1). The slope of the plots ranges between
15 and 40◦, with an average of 28◦. Precipitation is unimodally
distributed over the year and reaches its maximum between
April and July, yet without a marked dry season. Between
1999 and 2014, the annual rainfall averaged 2291 ± 228mm
(SD). During the same period, at the meteorological station at
1957m a.s., the mean annual temperature was 15.4 ± 0.3◦C and
the mean air humidity was 83.5± 1.4%. The warmest month was
November with 16.4 ± 0.6◦C and the coldest month was July
with 14.5 ± 0.7◦C. Temperature and humidity were aggregated
frommeteorological data of the ECSF climate station (Rollenbeck
et al., 2015).

The vegetation cover consists of a near-natural, little disturbed
lower montane forest (Bruijnzeel and Hamilton, 2000; Homeier
et al., 2008), which has an extremely high species richness
and is considered to be a hotspot of biodiversity (Barthlott
et al., 2005). The mean canopy height reaches 12–14m and
the mean crown radius ranges between 2 and 4 m, reaching
up to 5–6 m. The most abundant families are Lauraceae,
Melastomataceae, and Rubiaceae, with Graffenrieda emarginata
Triana (Melastomaceae) being the most abundant tree species
(Homeier and Werner, 2007). The canopy cover is very dense
(Leaf Area Index of 5.19 to 9.32, Fleischbein et al., 2005) and
retains with an evaporative interception loss of about 47% a high
proportion of the incident precipitation (Fleischbein et al., 2006;
Wullaert et al., 2009).

The soils of the experimental area are young and mostly
shallow (<60 cm), have a loamy texture and were classified
according to IUSS Working Group WRB (2006) as Stagnic
Cambisols (Hyperdystric, Chromic), which developed from
Palaeozoic phyllites, quartzites, and metasandstones belonging to
the Chiguinda unit of the Zamora series (Hungerbühler, 1997).
The mineral soil is covered by a thick organic layer (30 ±

9 cm) with a very low bulk density (0.08 ± 0.01 g cm−3), which
constitutes the main rooting zone for plants and trees (Wilcke
et al., 2002).

Experimental Design
NUMEX was established in the year 2007 and is continued until
present. It consists of three experimental sites along an altitudinal
gradient at 1000, 2000, and 3000m a.s. (Figure 1). Details on
all three NUMEX sites are given by Martinson et al. (2010) and
Homeier et al. (2012). We focus on the part of the experiment
at 2000m a.s.l. located in the Reserva Biológica San Francisco.
NUMEX is an interdisciplinary experiment and consists of low
level, continuous additions of N, P, combined N and P, Ca, and
unfertilized control plots. Nutrient additions started in January
2008 and take place twice a year. The fertilizers were applied
directly to the forest soil (Wullaert et al., 2010). Special care was
taken to insure the homogeneous distribution of the fertilizer on
the experimental plots.

The experiment site includes 20 plots (20×20 m) in a fourfold
replicated, randomized block design (Figure 2). Since 2008, we
have continuously applied 50 kg ha−1 a−1 of N, 10 kg ha−1 a−1 of
P, 50 kg + 10 kg ha−1 a−1 of N and P, and 10 kg ha−1 a−1 of Ca.
The fertilization rates were similar to the values of annual natural
deposition (Figure 3), since our aim was to study the response
of the forest ecosystem to a moderate increase of nutrient input.
Because of Ecuadorian regulations which impeded the use of
ammonium nitrate (NH4NO3), N was applied as commercially
available urea (46% N). P was applied as sodium di-hydrogen
phosphate (NaH2PO4 · H2O, AppliChem GmbH, Darmstadt,
Germany) and Ca as calcium chloride (CaCl2 · 2 H2O, Merck,
Darmstadt, Germany). Both used chemicals were of analytical
reagent grade.
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Field Sampling
In 2007, all study plots were equipped with throughfall collectors,
zero-tension litter lysimeters, and suction cups at the 0.15 and
0.3m mineral soil depths.

Throughfall was collected with 20 rain gauges (Hellmann
type) which were randomly distributed on each plot along two
perpendicular transects, resulting thus in 400 collectors for the

FIGURE 2 | Layout of the Nutrient Manipulation Experiment (NUMEX) in

the Reserva Biológica San Francisco at 2000m a.s.l. The experiment site

includes 20 plots in a fourfold replicated, randomized block design (four

nutrient addition plots and one control treatment in each block).

whole experiment area. To ensure sampling representativeness,
number and spatial distribution of the throughfall collectors
were determined taking into account the spatial and temporal
variability of precipitation, which was analyzed in a separate
experiment between 2004 and 2008 (Wullaert et al., 2009).
The collectors consisted of a 2000-mL wide mouth PE bottle,
and a PE funnel with a diameter of 118mm closed at the
lower end with a polyethylene net with a 0.5mm mesh size,
to avoid contamination by litter debris and insects. All bottles
were wrapped in aluminum foil to reduce irradiation effects
and a table-tennis ball was placed inside the funnels to reduce
evaporation. Volumes of collected throughfall were measured
in the field with a graduated cylinder and samples were
bulked plotwise, resulting in 20 volume-weighted samples per
collecting date. To guarantee a homogeneous chemical quality
of the sampling throughout the duration of the experiment,
throughfall collectors were regularly cleaned with distilled water
and temporarily covered with plastic bags during fertilization to
avoid direct contamination by the applied chemicals.

Litter leachate (solution percolating through the organic layer)
was collected using three zero-tension lysimeters per plot, which
consisted of plastic boxes covered with a polyethylene net with
a 0.5mm mesh size, connected to sampling bottles, which
were wrapped in aluminum foil. The lysimeters were installed
underneath the organic layer at 7–51 cm below ground surface
from the side of a small soil pit, at upper, middle and lower
slope positions, taking care that the organic layer itself was only
minimally disturbed during or after installation. Litter leachate
was bulked plotwise after individual sampling of the collecting
bottles, resulting thus in 20 samples per collecting date.

Throughfall and litter leachate have been collected fortnightly
since August 2007. Incident rainfall was collected weekly at 2–4
gauging stations and five rain collectors at each station, with the
same Hellmann-type collectors used for sampling throughfall.
After collection, throughfall and litter leachate samples were
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transferred to the field laboratory of the Estación Científica San
Francisco (ECSF), where they were immediately filtered through
ashless filter paper, pore size 4–7µm, Type 392 (Sartorius-Stedim
GmbH, Göttingen, Germany) and then kept at −20◦C until
shipping in frozen state to Switzerland for chemical analysis.

Chemical Analyses and Quality Control
For this study, we analyzed a dataset of 5 complete years
including a fortnightly record of element concentrations in
throughfall and litter leachate between 2007 and 2012, which
we mainly measured in the laboratory of the Geographic
Institute at the University of Bern, Switzerland. Electrical
conductivity (TetraCon 325,WTWGmbH,Weilheim, Germany)
and pH values (Sentix 81, WTW GmbH, Weilheim, Germany)
were immediately measured in unfiltered aliquots of the
collected water samples in the laboratory of the ECSF in
Ecuador.

Concentrations of the dissolved N species ammonium-N
(NH4-N), nitrate-N (NO3-N) and total nitrogen (TN) were
measured by continuous flow analysis (CFA) using high
resolution colorimetry and photometric detection (AutoAnalyzer
3 HR, Seal GmbH, Norderstedt, Germany). During the CFA
measurements, samples were dialyzed and TN was oxidized
to nitrate by UV digestion with potassium peroxydisulfate
and sodium hydroxide in presence of a boric acid buffer.
NH4-N was determined by the Berthelot reaction and NO3-
N by cadmium reduction. The determination of NO3-N
concentrations by cadmium reduction usually includes a small
amount of nitrite-N (NO2-N), which was below the detection
limits and hence considered negligible. We measured TOC
(filtered through 4–7µm pores) as non-purgeable organic
carbon (NPOC) by elemental analysis through high temperature
combustion and infrared (IR) detection (varioTOC cube,
elementar Analysensysteme GmbH, Hanau, Germany), after
acidifying 10mL of the sample with 50µL of a 10% HCl solution
to remove inorganic C.

Average detection limits were 0.024mg L−1 for NH4-N,
0.016mg L−1 for NO3-N, 0.042mg L−1 for TN and 0.16mg
L−1 for TOC. The quality of the CFA measurements was
verified by running certified N standards (Merck, Darmstadt,
Germany) with a concentration of 0.4mg L−1 NH4-N and 0.5mg
L−1 NO3-N in each measured batch. Certified standards were
combined with in-house control standards, with a concentration
of 0.5mg L−1 NH4-N and 0.25mg L−1 NO3-N, which were run
on average every 20 samples. The quality of TOC measurements
was verified by use of in-house control standard only, which had
a concentration of 5mg L−1 and 10mg L−1 TOC. Measurement
batches were only accepted if the results for the control standards
deviated by less than 10% from the target values. The relative SD
of the measurement precision of the control standards was± 4%
for NH4-N,± 2% for NO3-N,± 5% for TN, and± 3% for TOC.

Calculations and Statistical Evaluation
Throughfall fluxes were measured fortnightly in the field,
averaged per plot and summed up to monthly and annual
data. Concentrations of dissolved organic nitrogen (DON) were

calculated as difference between TN and the sum of NH4-
N and NO3-N concentrations. Values below the detection
limit were taken as zero for calculations, possibly resulting
in an underestimation of the DON concentrations. Monthly
mean concentrations were calculated by averaging fortnightly
concentrations of each measured element. Annual mean element
concentrations were calculated as volume-weighted means of
monthly concentrations. The effects of nutrient addition on
the investigated element concentrations were expressed as log
response ratios (RRx), which were calculated as a natural
logarithm of the ratios between the measured values in the
nutrient addition treatments and in the control plots. A value of
0.2 indicates thus a relative difference in concentrations of 22%
between treatment and control, while a value of 0.5 indicates a
relative difference of 65%.

We performed statistical analyses with the software R,
version 3.0.2 (R Core Team, 2013). To test for pre-existing
differences among the 20 plots of the experiment with respect
to element concentrations in throughfall and litter leachate, we
performed an analysis of variance (ANOVA) on data collected
before the first fertilization (August 2007 to December 2007).
To reveal differences in element concentrations in throughfall
and litter leachate between treatments and control plots and
compare different effects among treatments after the start of
nutrient additions in 2008, we used linear mixed effects models
implemented in the R-package lme4 (Bates et al., 2015) to
perform a repeatedmeasures analysis.We tested for homogeneity
of variances and insured normal distribution of the residuals
by visual inspection. We specified treatments as fixed effects,
with the four blocks as random factor over the 5 years of the
experiment, and calculated significance levels of the fixed effects
with the functions cftest and glht in the package multcomp
(Hothorn et al., 2008).

Time series of element concentrations in monthly data were
analyzed using the seasonal Mann-Kendall test, as suggested by
Hirsch et al. (1982), which is included in the R-package Kendall
(McLeod, 2011). This non-parametric test estimates trends in
time series while correcting for seasonality (Helsel and Hirsch,
2002). The rank correlation coefficient tau (τ) measures the
strength of the temporal trend. Since it is a sign test, it is
robust against outliers and can be used in spite of data gaps,
which commonly occur when there is not enough sample volume
collected in the field. Linear regression lines in our figures are
only meant to illustrate detected significant trends and do not
necessarily imply that these trends are linear.

RESULTS

Water Fluxes
We did not detect significant differences between treatments and
control plots either before the start of nutrient additions
or during the 5 years of the experiment (Table 1). We
collected throughfall quantitatively in high spatial resolution,
because it is the most relevant water flux which also
controls the amount of water percolating through the
organic layer. Consequently, in the following we consider
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TABLE 1 | Throughfall fluxes between 2008 and 2012.

Control +N +NP +P +Ca

[mm] σ [mm] σ [mm] σ [mm] σ [mm] σ

2008 1225 (± 17) 1373 (± 10) 1280 (± 13) 1292 (± 14) 1182 (± 18)

2009 1176 (± 19) 1287 (± 25) 1277 (± 22) 1276 (± 27) 1189 (± 22)

2010 1060 (± 12) 1195 (± 14) 1124 (± 17) 1020 (± 20) 1082 (± 23)

2011 1162 (± 22) 1222 (± 18) 1157 (± 12) 1081 (± 23) 1110 (± 20)

2012 1354 (± 18) 1490 (± 16) 1436 (± 15) 1333 (± 22) 1375 (± 16)

+N +NP +P +Ca

RRx SE RRx SE RRx SE RRx SE

2008 0.11 (±0.03) 0.04 (± 0.04) 0.05 (± 0.08) –0.04 (± 0.10)

2009 0.09 (±0.06) 0.08 (± 0.10) 0.04 (± 0.14) 0.00 (± 0.12)

2010 0.12 (±0.06) 0.06 (± 0.08) –0.05 (± 0.09) 0.01 (± 0.10)

2011 0.06 (±0.04) 0.00 (± 0.07) –0.08 (± 0.11) –0.05 (± 0.05)

2012 0.10 (±0.07) 0.06 (± 0.08) –0.02 (± 0.08) 0.02 (± 0.03)

The table shows annual cumulative troughfall and differences among treatments expressed as natural log-response ratios (RRx) between each treatment (n = 4) and the unfertilized

control plots (n = 4). Values in brackets indicate plus or minus one average standard deviation (σ ) or one standard error (SE) for similar treatments.

element concentrations and their responses to nutrient
additions.

Effects of Nutrient Additions on Mean
Annual Nutrient Concentrations in
Ecosystem Solutions
Cumulative Responses of Element Concentrations in

Throughfall after 5 Years
The analysis of element concentrations by linear mixed models
(Figure 4) revealed a potentially negative, but not significant
effect (p = 0.135) of separate P additions on TOC
concentrations in throughfall, which were 17 ± 7% (SE)
lower than in the control treatments. Simultaneous additions
of N and P led to marginally higher mean concentrations
of DON (13 ± 4%, p = 0.092). Separate amendments
of Ca did not show significant effects on TOC and DON
concentrations. Mean TOC/DON ratios were ca. 10% narrower
in all treatments (p < 0.05) compared to the control as a
result of overall lower TOC and higher DON concentrations in
throughfall.

Nitrogen additions generally resulted in increased
concentrations of inorganic N species. The NH4-N
concentrations were 7 ± 3% higher than in the control in
the plots with separate N additions (p = 0.080) and 12 ±

3% higher in the N+P treatment (p = 0.002). Nitrate-N
concentrations showed a strong response to higher N supply.
They were 37 ± 6% higher (p = 0.001) if N was separately
added and 73 ± 9% higher (p < 0.001) if N was added in
combination with P. While separate P additions had no effect
on NH4-N concentrations in throughfall (p = 0.703), they
caused an increased NO3-N production in the canopy resulting
in concentrations which were 22 ± 9% higher (p = 0.032) than
in the control treatments. These results indicate that higher N

supply increases the N richness of the canopy and leads to higher
concentrations of inorganic N species in throughfall, and that
NO3-N production and/or leaching in the canopy is stimulated
by the addition of P, both separately or in combination with
N. Total N concentrations in throughfall seem to be driven by
the direct contributions of NH4-N, while Ca additions did not
show any significant effects on inorganic N concentrations in
throughfall over 5 years.

Cumulative Responses of Element Concentrations in

Litter Leachate after 5 Years
The effects of separate P amendments and of simultaneous N+P
additions on TOC and DON concentrations tended to be similar
to those already observed in throughfall (Figure 5). Mean TOC
concentrations were 15± 8% lower (p = 0.121) in the plots with
P amendments and mean DON concentrations 16 ± 6% higher
(p = 0.103) in the combined N+P treatments compared to the
control, but the differences were not significant. Ca additions had
no effect on TOC and DON concentrations in litter leachate,
while TOC/DON ratios were narrower in the plots to which
N was separately added (p = 0.004) relative to the control
treatments.

Both N and P amendments to the forest soil showed strong
and significant effects on inorganic N concentrations in litter
leachate compared with the control treatment. Accordingly,
NH4-N concentrations were 16 ± 4% higher (p < 0.001) in
response to the simultaneous N+P amendments and 23 ± 5%
higher (p < 0.001) after separate N additions, while NO3-N
concentrations doubled in the N+P treatments and were 3.7
times higher in the plots where N alone was added. Separate
additions of P and of Ca did not increase N concentrations in
litter leachate, while TN concentrations were driven by inorganic
N contributions.
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FIGURE 4 | Cumulative effects of nutrient manipulations observed in throughfall after 5 years of nutrient additions. The diagrams show the average

responses over 5 years of (A) total organic carbon (TOC) concentrations, (B) dissolved organic nitrogen (DON) concentrations, (C) TOC/DON ratios, (D) ammonium-N

(NH4-N) concentrations, (E) nitrate-N (NO3-N) concentrations, and (F) total nitrogen (TN) concentrations to nutrient additions expressed as natural log-response ratios
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significant differences to the control (*p < 0.05, **p < 0.01, ***p < 0.001). Values not sharing a common letter are significantly different from each other (p < 0.05).

Concentration Time Series in the Control
Plots
Temporal Course of Element Concentrations in

Throughfall
The TOC concentrations in throughfall decreased by 16% in the
unfertilized control plots between the first and the fifth year of
NUMEX (τ=−0.248, p = 0.033). At the same time, the temporal
courses of DON concentrations and of TOC/DON ratios did
not show significant trends (Figure 6). DON contribution to
TN decreased by 20% (Figure 7) because of increasing inorganic

N richness in the canopy, which is attributed to the rising N

deposition from the atmosphere in the research area (Figure 3).
Concentrations of inorganic N in throughfall showed a high

seasonality and doubled in 5 years (τ = 0.328, p = 0.005 for
NH4-N, and τ = 0.440, p < 0.001 for NO3-N). The course of

TN concentrations was driven by the strong increase in NH4-

N and NO3-N concentrations over time, while the pH values of
throughfall increased from 5.0 at the beginning of the experiment

in 2008 to 5.4 in 2012, which represents roughly a 50% decrease of

the proton concentration after 5 years (τ =−0.280, p = 0.016).
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Temporal Course of Element Concentrations in Litter

Leachate
In litter leachate (Figure 6), concentrations of TOC and DON
showed high seasonality but no overall trend. The pH values
of litter leachate did not change (τ = 0.072, p = 0.536), so
that there was no acidification of the organic layer in spite of
the rising N deposition mainly as NH+

4 , which could have been
expected to favor acidification of the organic layer because of the
release of protons during nitrification (Malhi et al., 1998). Similar
to our observations in throughfall, concentrations of NH4-N

varied seasonally and showed a strong positive trend (τ = 0.521,
p < 0.001). The NH4-N concentrations of litter leachate in the
control plots doubled between beginning of 2008 and end of 2012
while the NO3-N concentrations were often close to the limit of
detection and displayed an increasingly higher variance to the
end of the analyzed time series, yet without showing a temporal
trend (τ = 0.060, p = 0.617).

The concentration ratio of NH4-N to NO3-N is
approximatively 10:1, which indicates that the system is
dominated by NH+

4 and that there is little nitrification of the
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NH4-N deposited from the atmosphere in the organic layer.
At the same time, TN concentrations increased by 36% (τ =

0.487, p < 0.001) between the beginning and the end of the
observations, which was attributable to strongly increasing NH4-
N contributions to TN (26 to 44%), while DON contributions
to TN dropped from 71 to 53%. NO3-N contributions remained
stable at ca. 3% of TN (Figure 7). TOC/DON ratios were lower
in throughfall than in litter leachate and showed a high seasonal
variation but no temporal trends. In summary, there was a
dynamic change of the N cycle in the untreated control plots
of our study during the observation period of 5 years, which is

mainly attributable to the steadily increasing N deposition from
the atmosphere (Figure 3).

Effects of Nutrient Additions on
Concentration Time Series
Concentration Time Series and Trends in Throughfall
In throughfall of the plots with separate N additions, TOC (τ =

0.223, p = 0.059) and DON concentrations (τ = 0.248, p =

0.033) increased over the 5 years compared with the control
(Figure 8). Separate P additions did not cause a response of TOC
concentrations in throughfall (τ = 0.056, p = 0.630), while
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separate Ca additions led to an ascending, but not significant
trend (τ = 0.168, p = 0.149) of TOC concentrations in
throughfall over time. Combined N+P additions had apparently
no influence on the course of TOC (τ = 0.136, p = 0.243)
and DON concentrations (τ = 0.056, p = 0.630) during the
observed 5 years. The time series of TOC/DON ratios did not
show temporal trends in any of the treatments. After a fast
response in the first 2 years, the effects of nutrient additions on
TOC and DON concentrations declined and almost disappeared
after 5 years.

The concentrations of NH4-N and NO3-N in throughfall
behaved similarly as in the control plots and followed the
positive concentration trends described in Figure 6 without
major deviations. This indicates that most of the added N is
retained in the system. This finding is also supported by the
positive response of TN concentration time series in throughfall
of both the N (τ = 0.248, p = 0.033) and N+P treatment (τ =

0.216, p = 0.063), although the latter trend was only marginally
significant. Steadily increasing TN concentrations in throughfall
with time, which represent the sum of organic and inorganic
N species, are the effect of a steadily increasing N richness in
the canopy because of the fertilizer additions. Ca fertilization

did not result in temporal trends of element concentrations
in throughfall, beside a marginally significant increase in TN
concentrations (τ = 0.200, p = 0.086), while the time series of
the pH values in throughfall showed seasonal oscillations, but no
trend compared with the control treatment.

Concentration Time Series and Trends in Litter

Leachate
In litter leachate (Figure 9), we observed a strong decrease of
the TOC concentrations over time as a result of P (τ = −0.322,
p = 0.006) and N+P additions (τ = −0.372, p = 0.002). The
response of the TOC concentrations was strongest in the time
series of the combined N+P treatment (τ = −0.372, p = 0.002).
We did not detect significant responses in the temporal course of
TOC concentrations in litter leachate after separate addition of
N. Contrary to our expectations based on findings of a coupling
of Ca cycle and N leaching losses (Perakis et al., 2006), addition of
Ca did not generate a response of the concentrations of N species
over time. DON concentrations in litter leachate decreased in the
plots with P (τ = −0.266, p = 0.030) and simultaneous N+P
additions (τ = −0.385, p = 0.001), while the decrease was not
significant in the plots where N alone was added (τ = −0.111,
p = 0.353). Similarly to the TOC concentrations, the strongest
effect on the time series of DON concentrations was observed in
the combined N+P treatment.

There were no significant differences in pH values of litter
leachate between the treatments and the control plots over
the complete observation period, which confirms that the
increased supply of N occurring as NH4-N did not acidify the
organic layer during the observation period. The TOC/DON
ratios in litter leachate did not significantly change with
time after fertilizer additions, which was similarly observed in
throughfall.

In the plots with separate N additions, NH4-N concentrations
in litter leachate followed the same temporal patterns which we
had already observed in the control plots, but decreased with
time in the plots with separate P (τ = −0.398, p = 0.001) and
combined N+P additions (τ=−0.350, p = 0.003). Furthermore,
NO3-N concentrations rose in the N treatment (τ = 0.419, p <

0.001) after 2010, but decreased significantly following separate
P additions (τ = −0.239, p = 0.049) and simultaneous N and P
amendments (τ = −0.385, p = 0.001). This indicates a possible
regulating role of P availability for the N use efficiency in the
study ecosystem.

There was a fast initial positive response of N concentrations
in litter leachate to P and N+P amendments. However, in the
later course of the experiment, the differences to the control plots
decreased (Figure 9). This suggests that after a fast increase of N
concentrations in response to the N and P additions there was
a lag time before the system could make use of the additionally
available nitrogen.

We observed no significant effects of inorganic N
concentrations in litter leachate in response to Ca additions.
Once more, TN concentrations in little leachate were driven by
the NH4-N concentrations, while DON contributions to TN
dropped by ca. 18%, as similarly observed in the control plots
(Figure 7).
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DISCUSSION

Effects of Nutrient Addition on N
Concentrations in Throughfall and Litter
Leachate
Five years after the establishment of NUMEX, we showed
that additions of N alone or simultaneously with P generally
increased annual mean N concentrations in the above-ground
part of the forest water cycle (Figure 4). The absence of trends
of the log response ratios of inorganic N concentrations in

throughfall (Figure 8) denotes a fast response of the above-
ground part of the water-bound forest N cycle to N and P
additions or their combination. This confirms previous findings
in the research area, where N return with throughfall was
increased (Wullaert et al., 2010) and N concentrations in fine
litterfall augmented (Homeier et al., 2012) after 1 year of nutrient
additions, but also shows that the response to nutrient additions
was highly variable during the 5 years of our observations,
which is probably attributable to the variable N input from the
atmosphere (Figure 3). Increasing inorganic N deposition from
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FIGURE 9 | Concentrations time series in litter leachate between January 2008 and December 2012. The figures show the course of the differences between

the four treatments and the control plots expressed as natural log-response ratios (RRx) of (A) total organic carbon (TOC) concentrations, (B) dissolved organic
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nitrogen (TN), and (G) pH values in litter leachate of the nutrient manipulation experiment (NUMEX). Solid lines illustrate significant trends in the dataset (p < 0.05).

the atmosphere, which has already been documented by Boy et al.
(2008) andWilcke et al. (2013a) for our research area, leads to an
N enrichment of the canopy, where N could be retained by the
abundant epiphytes, which may establish closed nutrient cycles
in the associated organic matter accumulations in the canopy
(Nadkarni, 1994). Furthermore, N cycling in canopy soils of
tropical montane forests was shown to be stimulated by N and P
additions to the forest soil, but long-term fertilization may also
lead to increased N leaching from the canopy (Matson et al.,
2014). The studies of Vance and Nadkarni (1990) and Schwarz

et al. (2011) have shown that mineralization of organic matter
in the canopy and nitrification on leaf surfaces occur in tropical
forests. Overall higher concentrations of NO3-N in throughfall
of the N, P, and N+P treatments (Figure 4) denote that nutrient
additions to the soil have either favored nitrification in the
canopy or increasedNO3-N leaching. The lack of trends in the log
response ratios of NH4-N and NO3-N concentrations (Figure 8)
indicates that the nitrification rates in the canopy did not change
over time in response to nutrient additions. Yet, more NO3-
N is produced when NH4-N supply through natural deposition
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or fertilization increases, although the nitrification rate remains
constant. We argue that N, P, and N+P additions stimulate
N uptake by the vegetation, accelerate inorganic N cycling,
and increase NO3-N production in the forest canopy, which
consequently leads to increased NO3-N losses with throughfall.

Reactive N species NH+

4 and NO−

3 can be easily taken
up by microorganisms and plants and thus stimulate biomass
production in N-limited ecosystems (Janssens et al., 2010). It was
also shown, however, that NO3-N losses occurred immediately
after the first N addition in a lowland tropical forest thought to
be N limited (Lohse andMatson, 2005). N andN+P amendments
resulted in overall higher inorganic N losses from the forest floor,
but showed opposite temporal trends (Figure 9). The negative
trends of NH4-N and NO3-N concentrations in litter leachate
denote that P amendments alone or in combination with N
reduced initially increased inorganic N leaching from the organic
layer over time back to the levels of the control or to even
slightly lower levels. While separate P additions did not generate
a different response of the annual mean N concentrations from
the control treatment (Figure 5), the trend analysis revealed that
increased P availability leads to a higher N retention in the root
zone (Figure 9), which denotes a potential P limitation of plants
and micro-organisms. Thus, added N could be efficiently used by
plants and themicrobial community only if P availability was also
improved.

When N demands of microbes and plants are exceeded, N
leaching from the ecosystem may be further enhanced by long-
term availability of excessive N (Law, 2013). Since, it is known
that nitrification occurs even at very low pH values in tropical
forest soils (Robertson, 1982), rising NO3-N concentrations with
time may also indicate increased nitrification because of drier
microclimatic conditions in the organic layer. Accordingly, the
increasing NO3-N leaching which we observed in the plots with
separate N additions indicates a shift toward amore openN cycle,
where N alone is not a limiting nutrient and, once present in
excess, it is removed from the system primarily in NO3-N form
(Matson et al., 1999).

We expected that Ca additions would generate a similar
response of the N cycle as the addition of N, as observed
by Perakis et al. (2006) in forest ecosystems developed under
maritime climate on the Oregon Coast Range. However, we
only found a marginally significant positive trend of TN
concentrations in throughfall in response to Ca amendments
(Figure 9). We speculate that the highly variable natural
deposition of Ca during the 5 years of our study obscured the
expected fertilization effects of Ca additions on N concentrations,
or annual addition rates of Ca have been too low to trigger
significant responses. Consequently, our hypothesis of a possible
coupling of Ca addition and N concentrations in the studied
forest cannot be confirmed.

Effect of Nutrient Addition on TOC and
DON Concentrations in Throughfall and
Litter Leachate
Annual mean TOC and DON concentrations in throughfall
responded weakly to nutrient amendments. The overall

differences from the control treatments were not significant
(Figure 4) and only DON concentrations revealed a temporal
trend in throughfall during the observation period (Figure 8).
The absence of overall effects and the slow change over time
indicate that TOC exports from the canopy were not influenced
by increased nutrient availability. We attribute increasing
DON concentrations with throughfall over time to the overall
higher availability of reactive N in the canopy which stimulates
biomass production (Janssens et al., 2010) and hence indirectly
also production of DOM. Hydrophilic DOM contains more
N (Qualls and Haines, 1991), is typically mobile (Kaiser and
Zech, 1998) and can thus be directly leached to the forest floor.
Gaige et al. (2007) also reported higher DON exports with
through fall as a result of direct N additions to the canopy.
Additionally, DON can be first immobilized by microorganisms
in the phyllosphere through biotic processes (Stadler and Müller,
2000) and subsequently leached from the surface of the leaves.
This would explain the increasingly higher TN concentrations in
the N treatments (Figure 8).

In litter leachate, the overall response of TOC and DON
concentrations was similar to their response in throughfall
(Figure 5). However, litter leachate became poorer in TOC and
DON with time since the start of the experiment if P was added
alone or in combination with N, while N additions did not
generate a trend in the response of TOC or DON concentrations
(Figure 9). A possible reason for decreasing TOC and DON
concentrations in litter leachate could be lower pH values
resulting in increasing protonation of the DOM, thus reducing its
solubility (Curtin et al., 1998). However, acidity did not increase
in litter leachate in response to nutrient amendments, possibly
as a consequence of generally low nitrification in the organic
layer, which has already been reported by Martinson et al. (2012)
for our study area. This is consistent with our trend analysis
showing that N originating from atmospheric deposition was
increasingly leached as NH+

4 in the litter leachate of the control
plots (Figure 6).

Moreover, increasing air temperature and unevenly
distributed rainfall have allowed for longer dry spells, leading
to reduced air and soil humidity in our study area (Peters et al.,
2013; Wilcke et al., 2013a), which likely favored mineralization of
DOM by microorganisms and led, consequently, to lower TOC
and DON concentrations in litter leachate. Similar experiments
in tropical forests showed that microbial mineralization of
DOM was stimulated by the increased P content of the DOM
(Cleveland et al., 2006). Homeier et al. (2012) have already
shown that the P pool of the south Ecuadorian tropical montane
forest increased in the organic layer after combined addition
of N and P. We demonstrate that concurrent improvement of
both N and P availability increases the mineralization of TOC
and DON in the organic layer likely by stimulating the activity
of microorganisms which, in turn, mineralize more DOM. Since
this was true only if P was simultaneously added, we conclude
that P demands of microorganisms in the organic layer are not
completely met.

Our study confirms the importance of the relationships
between nutrient supply, leaching, and demands of organisms
(Townsend et al., 2011). Because the strongest negative trends of
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TOC and DON concentrations in litter leachate always appeared
in the N+P treatment (Figure 9), this denotes that plants and
microbial community can more efficiently use the available N
only as a result of the improved P supply. These observations
are in our view a strong indication that microbial activity in the
organic layer of the studied tropical montane forest ecosystem
is co-limited by N and P. This finding is also supported by the
apparent accumulation of N in the organic layer at the beginning
of the experiment, which is later increasingly leached as NO−

3 in
the plots with separate N amendments (Figure 9). Delayed NO3-
N losses have already been observed in the soils of a lowland
wet forest in Hawaii as a consequence of a high anion exchange
capacity (Lohse and Matson, 2005). We argue therefore that
availability of P in the organic layer (e.g., through P deposition
with Saharan dust) will play a key role in DOM mineralization
in the long run by accelerating TOC and DON turnover in the
organic layer.

We expected that nutrient additions would result in wider
TOC/DON ratios, because of the preferential mineralization of
the more hydrophilic, polar fraction of DOM, but our results
contradicted our hypothesis and indicated strong opposite effects
for all treatments in throughfall (Figure 4) and weak opposite
effects in litter leachate (Figure 5). Narrower TOC/DON ratios
may result from (a) an increased DON richness in the canopy and
in the organic layer in the case of separate N and combined N+P
additions and (b) a reduction of TOC concentrations in response
to separate P additions. This may be attributed to a higher
phyllosphere activity leading to increased TOC consumption as
a consequence of the expected N fertilization effect on canopy
and soil microorganisms. Plants andmicroorganisms can directly
assimilate low molecular weight amino acids from DON (Neff
et al., 2003), but rising availability of easily assimilable inorganic
N species—mainly in litter leachate of the plots with separate
N additions—may have diminished the demand of plants and
microorganisms for DON, which is instead leached to the
mineral soil, leading to narrower TOC/DON ratios in litter
leachate.

CONCLUSIONS

Our results demonstrate that N additions alone or in
combination with P generally increased mean N concentrations
in the above-ground part of the forest water cycle and led
to an enrichment of the inorganic species NH+

4 and NO−

3 in
throughfall. Total N concentrations in throughfall increased
with time only in the N treatment, indicating rising N richness
in the canopy and suggesting a potential P limitation of canopy
organisms. Nitrogen additions alone led to rising NO3-N

exports from the organic layer, while separate P and combined
N+P amendments reduced NH4-N and NO3-N leaching from
the organic layer with time. We conclude that increased P
availability stimulates N uptake by plants and immobilization
by microorganisms, thus reducing N losses from the ecosystem.
However, we did not observe evidence of the coupling of Ca and
N concentrations in the studied forest ecosystem.

Separate N additions generated a steady increase of DON
concentrations in throughfall. Interestingly, TOC exports from
the canopy were not affected by nutrient additions. In the organic
layer, separate additions of P and simultaneous additions of N
and P stimulated mineralization of TOC and DON, while there
was no significant response to separate additions of N. In absence
of acidification of the litter leachate following N additions,
we conclude that the availability of P plays a key role in the
mineralization of TOC and DON by accelerating DOM turnover
in the organic layer. Our findings contradicted the hypothesis
that nutrient additions would lead to wider TOC/DON ratios
over time. Rising availability of inorganic N species favored DON
leaching to the mineral soil, leading thus to narrower TOC/DON
ratios in litter leachate.

Increased supply of P—alone or together with N—will lead
to a more efficient use of available N by microorganisms and
plants and hence to reduced N concentrations in solutions
originating from the organic layer in the long run. Thus, TOC
and DON cycling will only change if the availability of N and P is
concurrently improved, while NO3-N leaching from the organic
layer will further rise if the N supply alone increases.
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