
1.  Introduction
Atmospheric concentrations of methane (CH4), an important greenhouse gas, have more than doubled 
since pre-industrial times (Denman et al., 2007) and continue to increase at present (Turner et al., 2017, 
2019). About 75% of global CH4 production, which is in total about 600 Tg yr−1, is produced by microbial 
methanogenic sources, primarily in wetland soils (Conrad, 1989). In contrast, the only global biogenic sink 
is CH4 uptake in aerobic soils by CH4-oxidizing bacteria, which perform an important ecosystem service by 
contributing about 5% to the total global CH4 sink strength (Reeburgh, 2003). However, there are indica-
tions that this CH4 sink is declining (Ni & Groffman, 2018).

Tropical ecosystems play an important role in the global CH4 budget both in terms of production, with inun-
dated wetlands contributing about 50% to global CH4 production (Bloom et al., 2010; Z. Zhang et al., 2017), 
and uptake, with tropical forest soils contributing about one third to global annual CH4 uptake by soils 
(Dutaur & Verchot, 2007; Zhao et al., 2019). However, studies that compare satellite observations of CH4 
concentrations with inventories of known CH4 sources and sinks using bottom-up modeling reveal that 
there are unexplained large discrepancies between modeled and observed atmospheric CH4 concentrations 
in the tropics (Riley et al., 2012). This illustrates that the location and strength of CH4 sources and sinks in 
the tropics are poorly constrained (Bergamaschi et al., 2009; Bloom et al., 2010; Pangala et al., 2017). Im-
proving our understanding of the factors that control the exchange of CH4 in tropical soils is thus a critical 
step toward a better-constrained CH4 budget for tropical ecosystems.

Abstract  Tropical forests contribute about one third to global annual CH4 uptake by soils. 
Understanding the factors that control the soil-atmosphere exchange of CH4 at a large scale is a critical 
step to improve the CH4 flux estimate for tropical soils, which is presently poorly constrained. Since 
tropical forest degradation often involves shifts in nutrient availabilities, it is critical to evaluate how this 
will affect soil CH4 flux. Here, we report how nitrogen (N; 50 kg N ha−1 yr−1), phosphorus (P; 10 kg P 
ha−1 yr−1), and combined N + P additions affect soil CH4 fluxes across an elevation gradient of tropical 
montane forests. We measured soil CH4 fluxes in a nutrient application experiment at different elevations 
over a period of 5 years. Nutrient additions increased soil CH4 uptake after 4–5 years of treatment but 
effects were not uniform across elevations. At 1,000 m, where total soil P was high, we detected mainly 
N limitation of soil CH4 uptake. At 2,000 m, where total soil P was low, a strong P limitation of soil CH4 
uptake was observed. At 3,000 m, where total P was low in the organic layer but high in mineral soil, we 
found N limitation of soil CH4 uptake. Our results show that projected increases of N and P depositions 
may increase soil CH4 uptake in tropical montane forests but the direction, magnitude, and timing of the 
effects will depend on forests' nutrient status and plant-microbial competition for N and P.

Plain Language Summary  CH4 is a potent greenhouse gas that contributes to global 
warming. Tropical forests are a natural sink of CH4 but increasing nutrient depositions due to 
industrialization may alter the sink strength of tropical forests. Our results show that projected increases 
of nitrogen and phosphorus depositions may increase soil CH4 uptake in tropical montane forests but 
the direction, magnitude, and timing of the effects will depend on forests' nutrients and plant-microbial 
competition.
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In soils, CH4 production by anaerobic methanogenic archaea, and CH4 oxidation by CH4-oxidizing bacteria, 
can occur simultaneously, and the relative magnitude of these two processes determines whether soils are 
net sources or sinks of CH4 (Conrad, 1996; Yavitt et al., 1995). The microorganisms that are responsible for 
CH4 oxidation are ammonium-oxidizing bacteria and methanotrophic bacteria. Both groups use the en-
zyme methane mono-oxygenase in the first step of CH4 oxidation while methanotrophic bacteria use CH4 
as the sole carbon and energy source (Hanson & Hanson, 1996). Methanotrophic bacteria can be further 
grouped into Type I methanotrophs, which are generally non-N-fixing microorganisms, and Type II meth-
anotrophs, which can fix N2 but can also switch to mineral N assimilation as a more energetically favorable 
metabolism (Hanson & Hanson, 1996). In well-drained soils, CH4 oxidation normally dominates because 
such soils typically support the so-called high affinity methanotrophic bacteria that oxidize CH4 at concen-
trations that are near atmospheric (Conrad, 2007). CH4 uptake in these soils is typically constrained by the 
rate of CH4 diffusion from the atmosphere into the soil. This, in turn, is strongly influenced by the fraction 
of soil pores filled with water, since the rate of CH4 diffusion in water is much lower than in air (Keller & 
Reiners, 1994; Veldkamp et al., 2013). In wet soils, the low rate of diffusional oxygen supply often leads to 
anaerobic microsites, where CH4 production can occur. In these soils, high CH4 concentrations are common 
and a different group of “low affinity” methanotrophic bacteria that typically settle at the interface of oxic 
and anoxic zones is responsible for CH4 consumption (Conrad, 1996; Teh et al., 2005).

Since the diffusion rate of CH4 and oxygen in soils strongly affects CH4 production and consumption, wa-
ter-filled pore space (WFPS) is often the dominant factor controlling seasonal variation in CH4 fluxes at the 
soil surface (Keller & Reiners, 1994; Matson, Corre, Langs, & Veldkamp, 2017; Veldkamp et al., 2001). Soil 
texture, which indirectly influences WFPS, often explains variations across sites as was shown for tropical 
lowland and montane forest soils (Veldkamp et al., 2013). Apart from WFPS and soil texture, other soil-re-
lated factors, especially soil nutrient availability and enzyme substrate competition have been reported to 
control CH4 exchange at the soil surface. For example, in many fertilized soils, methanotrophic activity is 
inhibited by high concentrations of inorganic nitrogen (N), especially ammonium (NH4

+). The proposed 
mechanism behind this observation is that NH4

+ and CH4 compete for the same active sites of methane 
mono-oxygenase, the enzyme facilitating CH4 oxidation (Bédard & Knowles, 1989; Steudler et al., 1989). 
Similarly, high contents of nitrate (NO3

−) in soils can inhibit methanogenesis, since NO3
− is favored as an 

electron acceptor over bicarbonate (Conrad, 1989). Since methanotrophic bacteria need N for their meta-
bolic activities, they can also be N-limited (Bender & Conrad, 1995), and accordingly N limitation of CH4 
uptake has been reported, mainly in unfertilized systems (Bodelier & Laanbroek, 2004). In response to in-
creases in soil mineral N, Type II methanotrophs can reduce their N2-fixing activities in favor of soil mineral 
N assimilation since this is an energetically beneficial metabolism (Bodelier & Laanbroek, 2004; Koehler 
et al., 2012). In tropical forest soils, indications of N limitation of CH4 uptake have been reported for Pana-
ma (Matson, Corre, Langs, & Veldkamp, 2017; Veldkamp et al., 2013), Indonesia (Hassler et al., 2015), and 
Ecuador (Wolf et al., 2012) but neither for a Peruvian (Jones et al., 2016) nor a French Guiana site (Bréchet 
et al., 2019). N limitation of CH4 uptake in soil following deforestation has also been reported for a deforest-
ed landscape in Indonesia (Hassler et al., 2015).

Although phosphorus (P) is a critical nutrient for methanotrophic bacteria and methanogenic archaea and 
both can thus be P-limited, much less information is available on the effects of P availability on soil CH4 
fluxes. A recent review on the role of P on CH4 oxidation in soils and sediments concluded that this is clearly 
a knowledge gap (Veraart et al., 2015). There is only one P-addition study with in situ CH4-flux measure-
ments from tropical forest soils (Bréchet et al., 2019). The few other studies that analyzed the role of P avail-
ability in CH4 fluxes were mainly conducted on rice paddies, landfills, and fertilized agricultural soils, and 
almost all these studies were conducted under laboratory conditions, either in microcosms, flasks or cores 
(Veraart et al., 2015). While there was no link between P-availability and CH4 fluxes in tropical forest soils of 
French Guiana (Bréchet et al., 2019), a study on natural unmanaged soils, conducted in the Arctic, showed 
that soil P availability was positively correlated with in situ Type I methanotroph gene abundance, whereas 
no correlation with soil N availability was detected (Gray et al., 2014). On one hand, in a heavily fertilized 
subtropical forest, it was reported that P buffered inhibitive effects of added N (T. Zhang et al., 2011). On 
the other hand, a stimulation of CH4 oxidation was found for combined N and P additions to landfill soils 
(Jugnia et al., 2012). Tropical montane forest sites, close to our present study sites, show a strong positive 
correlation between soil CH4 uptake and total soil P in the top 0.05-m depth (either mineral soil or organic 
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layer) (Wolf et al., 2012). Furthermore, canopy soils in the same sites as our present study show a tendency 
to increase CH4 uptake after P applications to the forest floor (Matson, Corre, Langs, & Veldkamp, 2017). 
Some of the N and P effects reported in the above-mentioned studies may have been caused indirectly by 
changes in soil oxygen and nutrient status as a result of changes in water and nutrient uptake by plants.

Across the tropics, forest degradation processes, such as deforestation, biomass burning, and N deposition, 
have a strong impact on factors controlling CH4 uptake in soil, highlighting the vulnerability of this impor-
tant ecosystem service (Hassler et al., 2015; Veldkamp et al., 2008, 2013). Elevated N deposition is already 
affecting natural tropical forest regions (Hietz et al., 2011) and rates of N deposition could soon exceed 
25 kg N ha−1 yr−1 (Phoenix et al., 2006). Tropical montane forests may be particularly affected by elevated N 
deposition since cloud water deposition is important in these ecosystems (Carrillo et al., 2002). In addition, 
P deposition is predicted to increase in tropical South America because of biomass burning, anthropogenic 
mineral aerosols, and biogenic dusts from the neighboring Amazon Basin (Mahowald et al., 2005).

Since degradation of tropical forest often involves shifts in nutrient availabilities, it is critical to evaluate 
how and when this will affect steady state dynamics of important ecosystem services. Unfortunately, there 
is only one nutrient-addition study from tropical montane forests that reported CH4 cycling dynamics 
over more than 3 years (Veldkamp et al., 2013). This was one of the main reasons to establish a long-term 
(5 years) nutrient addition experiment across an elevation gradient of tropical montane forests in southern 
Ecuador (Homeier et al., 2012). Since higher rates are applied in most other nutrient fertilization experi-
ments in tropical forests (e.g., Wright et al., 2011 [150 kg N ha−1 yr−1 and 50 kg P ha−1 yr−1]), we consider the 
application rates in our experiment (50 kg N ha−1 yr−1 and 10 kg P ha−1 yr−1) to be moderate. We chose these 
moderate amounts to avoid immediate inhibition effects that may develop due to high doses of fertilizers 
(T. Zhang et al., 2011) and to simulate realistic long-term increases of N and P depositions in the study area. 
From this experiment, we report how 5 years of moderate N, P, and N + P additions affected soil CH4 fluxes. 
In contrast to other studies from tropical montane forests (Jones et al., 2016; Veldkamp et al., 2013), where 
seasonality and WFPS controlled soil CH4 fluxes and may have masked nutrient controls, our study area dis-
played only slight seasonal variability (Emck, 2008) that may help to identify nutrient controls on soil CH4 
dynamics in tropical montane forests. Since earlier studies conducted in the same area showed indications 
of N-limited CH4 uptake in soils (Wolf et al., 2012) and that soil N availability controls forest productivity 
(Wolf et al., 2011), we hypothesized that (a) moderate amounts of N and P applied will be insufficient in an 
unresponsive phase but sufficient in a responsive phase to overcome nutrient limitations and to stimulate 
methanotrophy and soil CH4 uptake, (b) limitations on methanotrophy and soil CH4 uptake will be related 
to the initial availability of N and P in soils, and N and P limitations of net primary production that have 
been earlier observed at these sites (Homeier et al., 2012, 2013), indicating that there is a strong competition 
for these nutrients between vegetation and microbial biomass. Our present study contributes to the much 
needed information on long-term measurements of soil CH4 fluxes (an important ecosystem regulating 
service) from tropical montane forests exposed to moderate N and P inputs, which are nutrient elements 
presently influenced by anthropogenic activities.

2.  Materials and Methods
2.1.  Study Area

Our study was conducted in the south Ecuadorian provinces of Loja and Zamora Chinchipe on the east 
slope of the Andes mountain range. We selected three sites located along an elevation gradient—spanning 
from 1,000 to 3,000 m above sea level—of natural montane rainforests. The sites were located within the 
Podocarpus National Park and in the adjacent privately owned Biological Reserve San Francisco forest that 
showed no evidence of human activities. Elevation is the surrogate variable that encompasses the naturally 
occurring variations in forest types, soil and climatic characteristics along this 2,000-m elevation gradient. 
At 1,000 m, vegetation consisted of premontane rainforest (Homeier et al., 2008) on a Dystric Cambisol 
soil, developed from deeply weathered granitic rock. At 2,000 m, vegetation consisted of lower montane 
rainforest on a Stagnic Cambisol soil with a thick organic layer, and at 3,000 m, vegetation consisted of 
upper montane rainforest on a Stagnic Histosol soil that also has a thick organic layer. Both at the 2,000 
and 3,000 m, soils were developed from metamorphic rocks, mainly schists. Detailed information on forest 
and soil characteristics is in Table S1 (Homeier et al., 2013; Martinson et al., 2013). Across the elevation 
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gradient, mean annual temperatures varied from 19.4°C at 1,000 m, 15.7°C at 2,000 m, to 9.4°C at 3,000 m. 
Mean annual precipitation at 1,000 m was 2,230 mm yr−1, at 2,000 m was 1,950 mm yr−1, and at 3,000 m was 
4,500 mm yr−1, with small seasonal variability at all sites (Moser et al., 2007). In the study region, annual 
nutrient deposition measured between 1998 and 2010 ranges from 14 to 45 kg N ha−1 and from 0.4 to 4.9 kg 
P ha−1 (Boy et al., 2008; Homeier et al., 2013).

2.2.  Experimental Design

At the 1,000, 2,000, and 3,000 m sites, we established a factorial nutrient addition experiment with control, 
N, P, and N + P treatments (Homeier et al., 2013; Martinson et al., 2013). At each site, we implemented a 
stratified complete block design with four replicate blocks, each of which consisted of the four treatment 
plots (20 × 20 m each) with at least 10 m distance between plots. The plots were almost flat. However, since 
bigger flat areas do not exist in these mountains, we established blocks along moderate slopes as the land-
scape position can affect biogeochemical processes (Wolf et al., 2012). Treatments were assigned within a 
block using a stratified random procedure with the constraint that within each block control treatments 
were located at the higher parts and the N + P treatments were located at the lower parts of the landscape, to 
avoid unintended transfer of nutrients through lateral water movement. Additionally, nutrients were only 
applied during sunny days to avoid surface runoff.

We started the manual application of nutrients in early 2008, with the following rates: 50 kg N ha−1 yr−1 
which was applied as urea (CO(NH2)2) and 10 kg P ha−1 yr−1 which was applied as sodium hydrogen phos-
phate (NaH2PO4·H2O and NaH2PO4·2H2O, analytical grade quality). We chose analytical grade P chemicals 
to prevent addition of micronutrients such as molybdenum that may influence other processes not attribut-
able to P (Barron et al., 2009). We split N and P additions into two equal applications per year, in February 
or March and in August or September to ensure a gradual ecosystem fertilizer uptake over the study period. 
In 2010, the second fertilizer application was delayed for 4 months due to logistical problems related to 
the shipping of P fertilizer. During fertilizer application, each chamber base area received the respective 
amount of fertilizer.

2.3.  Soil CH4 Flux, Temperature, Moisture, and Mineral N

We measured soil CH4 fluxes using vented static chambers that consisted of permanently installed polyvinyl 
chloride chamber bases (area 0.04 m2, height 0.15 m) that were inserted ∼0.03 m into the soil, and vented 
polyethylene chamber hoods, equipped with a Luer-lock sampling port. The total enclosed air volume of the 
chambers was ∼12 L. In each treatment plot at each site, we installed four chamber bases along two perpen-
dicular random transects and all chamber bases were placed at a minimum distance of 2 m from the plot's 
borders to avoid any edge effects. We measured soil CH4 fluxes monthly from January 2008 to September 
2009 and from November 2010 to August 2012. During measurement, we collected four gas samples at 2, 14, 
26, and 38 min after chamber closure. We selected this interval because (a) gas concentration in our cham-
ber headspace changed linear over this time frame and (b) to measure all four chambers per plot within 1 h. 
All measurements were conducted after 3 weeks following nutrient application since we were not interested 
in short-term effects of nutrient applications, which are influenced by the pulse amount of applied nutrient, 
but focused instead on the long-term effects when the applied nutrients are already incorporated into the 
soil nutrient cycling processes (Koehler et al., 2009; Veldkamp et al., 2013). We were unable to measure in 
the period of June and July 2009 and from May–July 2011 because of malfunctioning of gas chromatograph.

Gas samples collected from January 2008 to April 2012 were analyzed using our gas chromatograph (GC; 
Shimadzu GC-14B, Duisburg, Germany) at the nearby laboratory in the Universidad Técnica Particular de 
Loja, Ecuador. During this time, gas samples were stored in pre-evacuated 60 ml glass containers that were 
equipped with airtight stop cocks. Starting in April 2012, we transported the gas samples to the University of 
Goettingen, Germany, for analysis. During this time, gas samples were stored in pre-evacuated 12 ml Labco 
Exetainer® with septa (Labco Limited, Lampeter, UK), which we previously tested to be leak proof (Hassler 
et al., 2015). The gas samples were analyzed using a GC 6000 Vega Series 2 (Carlo Erba Instruments, Milan, 
Italy). Both GC were equipped with an auto-sampler and a flame ionization detector that measured carbon 
dioxide (CO2, ppm) concurrently with CH4 (ppb). The CO2-concentration increase with chamber closure 
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served as our strong indicator that field sampling and gas storage in the glass vials did not have errors. 
Calibration of the GC was done daily by comparing integrated peak areas of gas samples with three or four 
standard gas mixtures with CH4 concentrations ranging from 1,000 to 20,000 ppb (Deuste Steininger GmbH, 
Mühlhausen, Germany). In Ecuador, gas analyses were typically conducted within 1 day after sampling in 
the field, while gas samples transported to Germany were stored for up to 2 months before analyses. The 
CO2 concentrations always linearly increased during the chamber closure duration (the coefficient of deter-
mination [R2] of the linear increase was almost always above 0.95) and justified the concentration change 
of CH4 from the same gas samples as true. Hence, we calculated CH4 fluxes from the linear increase or 
decrease of measured CH4 concentrations in the chamber headspace over time and adjusted with the actual 
air temperature (GTH 175/Pt-E; Greisinger electronics GmbH, Regenstauf, Germany) and pressure (GMH 
3310; Greisinger electronics GmbH, Regenstauf, Germany) measured in the field at the time of sampling. 
We estimated annual soil CH4 fluxes using linear interpolation between soil CH4 fluxes and sampling day 
intervals (Veldkamp et al., 2013). In total, we calculated 5,616 soil CH4 fluxes of which 540 fluxes were dis-
carded due to leakage problems. There were 4,697 negative fluxes, 379 positive fluxes, and 83 fluxes between 
−1 and +1 μg CH4-C m−2 h−1.

We also measured the following soil variables as potential controlling factors during soil CH4 flux measure-
ment in the field: soil temperature, gravimetric moisture, and mineral N concentrations (extracted in situ 
with 0.5 M K2SO4 solution, as described in details by Martinson et al., 2013) in the top 0.05-m depth. For 
the determination of soil mineral N concentrations and moisture content, we took composite soil samples 
within each plot during each measurement period. Gravimetric moisture content was converted to WFPS 
using the measured soil bulk densities in the top 5 cm of soil and the particle densities of 2.65 g cm−3 for 
mineral soil at 1,000 m and 1.4 g cm−3 for organic layers at 2,000 and 3,000 m (Müller et al., 2015). The data 
for these soil factors were already reported in our separate study (Müller et al., 2015) and placed in Table S2. 
Thus, we only report here their patterns wherever they were significantly correlated with soil CH4 fluxes.

2.4.  Statistical Analysis

All statistical analyses were conducted using the means of the four or five chambers that represent each 
replicate plot on a given sampling day. We first checked for each parameter distribution normality (Shap-
iro-Wilk's test) and homoscedasticity (Levene's test), and when these assumptions were not fulfilled we 
applied either a square root or logarithmic transformation (after adding a constant value of 110 because of 
the negative values of soil CH4 consumption). First, we tested if control forests across elevations differ in 
soil CH4 fluxes and soil controlling factors (soil temperature, WFPS, soil NH4

+, and NO3
− contents) during 

each year and across years using linear mixed effects (LME) models; elevation was a fixed effect and repli-
cate plot and sampling day were random effects (Crawley, 2013; Piepho et al., 2004). Prior to determining 
nutrient addition effects, we checked for inherent differences among blocks at each site using the first soil 
CH4 flux measurements prior to the start of nutrient applications. This test was conducted using one-way 
analysis of variance (ANOVA) with block as the fixed effect. Second, we tested nutrient addition effects on 
soil CH4 fluxes at each elevation, using LME models for each year as well as across years; nutrient treatment 
was the fixed effect whereas the replicate plot and sampling day were random effects. All LME models 
were extended to include the following functions, if these improved the relative goodness of the model fit 
based on the Akaike information criterion: (a) a variance function that allows different variances of the 
fixed effect (Crawley, 2012), and/or (b) a first-order temporal autoregressive process that accounts for de-
creasing correlation of measurements with increasing time difference (Zuur et al., 2009). The significance 
of the fixed effects was determined by ANOVA and the differences among fixed effects (i.e., elevation in 
case of comparison among control forests and nutrient treatment at each elevation) were determined based 
on Tukey HSD test, all at P ≤ 0.05. We further assessed the relationships between soil CH4 fluxes and soil 
controlling factors with Pearson's correlation test, using the average of the replicate plots of each treatment 
on each sampling day during 2010–2012 measurement period; we conducted this correlation tests for each 
elevation and across elevations. Mean values are given with ±standard error (SE). All statistical analyses 
were conducted using R 2.14.0 (R Development Core Team, 2013).
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3.  Results
3.1.  Control Plots: Soil CH4 Fluxes and Soil Factors

While there were no differences in soil CH4 fluxes among elevations in 2008, soil CH4 uptake at 3,000 m 
was generally lower than the other elevations throughout the study period, and in 2012, soil CH4 uptake at 
2,000 m was higher than the other two elevations (P < 0.01; Table 1). Across years, annual soil CH4 uptake in 
control plots at 1,000 m was 35% higher compared to 3,000 m, while at 2,000 m, CH4 uptake was 48% higher 
than at 3,000 m (Table 2). Soil CH4 uptake did not display a clear seasonal pattern at 2,000 and 3,000 m, 
but the temporal variability, as shown by the SEs on the sampling periods (Figure 1), was large at 1,000 m.

Over the entire measurement period, soil temperatures decreased with increasing elevation (P < 0.01; Ta-
ble S2). The WFPS was highest at 2,000 m, intermediate at 3,000 m and lowest at 1,000 m (P < 0.01; Ta-
ble S2). There was no clear seasonal pattern in soil temperature or WFPS at any of the sites. Soil mineral 
N content differed with elevation: NH4

+ content was highest at 2,000 m, followed by 1,000 m and lowest 
at 3,000 m (P = 0.03; Table S2); NO3

− content was higher (P < 0.01) at 1,000 m and did not differ between 
2,000 and 3,000 m (Table S2).

Across the elevation gradient, soil CH4 fluxes correlated negatively with soil temperature and NH4
+ content 

(Figure 2; Table 3). Within each elevation, at 1,000 and 2,000 m, soil CH4 fluxes did not correlate with any 
soil parameters while at 3,000 m soil CH4 fluxes correlated with soil temperature (Figure 2; Table 3).

3.2.  Nutrient Addition Effects on Soil CH4 Fluxes

Soil CH4 fluxes measured in January 2008, prior to the first nutrient application, showed no differences 
among blocks at each elevation. During the first 2 years of nutrient additions, we also did not detect any 
treatment effect on soil CH4 flux at any elevation (Table 1). This changed following the 2010/2011 measure-
ments when we detected significant effects of nutrient additions, which were different for each elevation 
(Figure 1; Table 1). When considering the data during the cumulative 4 and 5 years of nutrient additions, 
soil CH4 uptake at 1,000 m increased with N and N + P treatments (P ≤ 0.02), while application of P alone 
did not affect soil CH4 fluxes within any single or cumulative set of years (Figure 1a; Table 1). In contrast 
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Elevation 
(m) Treatment

Soil CH4 flux (μg C m−2 h−1)

2008 2009 2010/2011 2012 2008–2009 2008–2011 2008–2012

1,000 Control −22.17 ± 4.65A,a −32.85 ± 3.82A,a −28.13 ± 8.94A,b −24.96 ± 8.93B,b −26.78 ± 2.4A,a −27.25 ± 4.61A,c −26.67 ± 5.10A,b

N −44.00 ± 22.28a −32.56 ± 8.83a −44.99 ± 14.72a −39.60 ± 20.51a −39.26 ± 16.59a −41.21 ± 15.60a −40.84 ± 16.63a

P −26.85 ± 7.20a −31.41 ± 5.02a −33.31 ± 15.75ab −21.37 ± 12.90b −28.73 ± 6.23 a −30.25 ± 9.63bc −28.29 ± 10.40b

N + P −39.53 ± 11.60a −31.75 ± 6.25a −40.54 ± 16.26a −29.31 ± 14.97ab −36.13 ± 8.80a −37.75 ± 10.90ab −35.77 ± 11.88a

2,000 Control −28.12 ± 4.17A,a −31.57 ± 1.51A,a −30.19 ± 4.68A,b −34.45 ± 6.56A,b −29.63 ± 2.79A,a −29.79 ± 1.33A,b −30.91 ± 2.19A,c

N −32.10 ± 7.84a −34.42 ± 4.95a −29.27 ± 1.98b −31.59 ± 1.56b −33.12 ± 6.14a −31.64 ± 4.49b −31.63 ± 3.76bc

P −25.99 ± 4.89a −30.77 ± 3.31a −40.56 ± 5.73a −41.53 ± 7.66a −28.08 ± 2.39a −32.88 ± 0.95ab −34.92 ± 2.48ab

N + P −35.67 ± 1.27a −30.62 ± 1.01a −43.96 ± 2.89a −44.15 ± 5.18a −33.46 ± 1.10a −37.42 ± 1.39a −39.00 ± 2.26a

3,000 Control −16.88 ± 5.62A,a −16.97 ± 8.01B,a −16.98 ± 5.80B,b −20.80 ± 6.49B,b −16.91 ± 6.41B,a −16.94 ± 6.00B,b −17.88 ± 6.12B,bc

N −20.98 ± 6.72a −16.57 ± 7.03a −23.02 ± 6.02a −29.60 ± 7.40a −19.51 ± 6.80a −20.87 ± 6.49a −23.01 ± 6.66a

P −17.60 ± 3.22a −15.73 ± 3.48a −17.99 ± 5.23b −21.27 ± 5.78b −16.97 ± 3.31a −17.38 ± 4.07b −18.32 ± 4.48ab

N + P −14.70 ± 2.57a −14.65 ± 4.43a −14.77 ± 3.20b −15.59 ± 1.31b −14.68 ± 2.13a −14.73 ± 2.51b −14.92 ± 1.58 c

Note. Means followed by different capital letters indicate significant differences across the elevation gradient for the control plots, and means within each year 
or time period followed by different small letter indicate significant differences among treatments within each elevation (linear mixed effects model with Tukey 
HSD test at P ≤ 0.05).
Abbreviations: N, nitrogen; P, phosphorus; SE, standard error.

Table 1 
Mean Soil CH4 Fluxes (±SE, n = 3 Plots) in Tropical Montane Forests Along a 1,000- to 3,000-m Elevation Gradient for 2008, 2009, 2010/2011, and 2012 and the 
Cumulative Years 2008–2009, 2008–2011 and the Whole Study Period From 2008 to 2012
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to 1,000 m, N addition at 2,000 m did not affect soil CH4 fluxes within any year or cumulative set of years, 
whereas P addition and especially N + P addition increased soil CH4 uptake during 2010/2011 and 2012 
(P ≤ 0.01) and over the cumulative 4–5 years of treatments (P ≤ 0.02; Figure 1b; Table 1). At 3,000 m, N 
addition resulted in higher soil CH4 uptake during 2010/2011 and 2012 (P < 0.01) and over the cumulative 
4 and 5 years of treatment (P < 0.01; Figure 1c; Table 1) whereas P and N + P additions did not affect soil 
CH4 fluxes within any year or cumulative set of years.

Across the elevation gradient and at 3,000 m, soil CH4 fluxes correlated negatively with soil temperature 
in all nutrient addition treatments (Figure 2; Table 3). While N addition resulted in a negative correlation 
between soil CH4 fluxes and NO3

− content, P addition resulted in a negative correlation between soil CH4 
fluxes and NH4

+ content at 1,000 m and across the elevation gradient. The N + P addition resulted in a 
positive correlation of CH4 fluxes with NO3

− at 3,000 m and in negative correlations of soil CH4 fluxes with 
NO3

− and NH4
+ contents across the elevation gradient. At 1,000 and 2,000 m, soil CH4 fluxes did not corre-

late with any soil parameters (Table 3).

4.  Discussion
4.1.  Soil CH4 Flux and Its Soil Controlling Factors in Control Forests Along the Elevation 
Gradient

Annual soil CH4 fluxes along the elevation gradient (Table 2) were within the range of values reported by 
studies with in situ year-round measurements in montane forests at comparable elevations in Indonesia 
(Purbopuspito et al., 2006), Brazil (Sousa Neto et al., 2011), Ecuador (Wolf et al., 2012), Panama (Veldkamp 
et al., 2013), Peru (Jones et al., 2016; Teh et al., 2014), and Africa (Gütlein et al., 2018; Wanyama et al., 2019). 
The negative correlations of soil CH4 fluxes with NH4

+ content and temperature across the elevation gradi-
ent supported our earlier findings from other sites within a similar elevation gradient (Wolf et al., 2012). As 
was the case in this earlier study, we found no correlation between CH4 uptake and WFPS either across the 
elevation gradient or at the individual elevation. In contrast, WFPS controlled soil CH4 fluxes in montane 
forests of a Peruvian site (Jones et al., 2016). This discrepancy may be best explained by the low seasonality 
in rainfall at our site, which translates into minimal variation in soil moisture contents, resulted in statisti-
cally indistinguishable relationship of soil CH4 fluxes with WFPS. In addition, WFPS was determined in the 
top 5 cm of the soil, which may not reflect the soil moisture condition at the transition between the organic 
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Elevation (m) Treatment

2008 2009 2010/2011a 2012 2008–2012

kg C ha−1 year−1

1,000 Control −2.02 ± 0.41 −2.96 ± 0.38 −2.57 ± 0.71 −2.23 ± 0.75 −2.23 ± 0.52

N −2.12 ± 0.81 −2.38 ± 0.37 −4.11 ± 1.24 −3.55 ± 1.79 −2.94 ± 0.89

P −4.07 ± 1.73 −2.94 ± 0.48 −2.96 ± 1.30 −1.87 ± 1.11 −3.50 ± 0.96

N + P −3.29 ± 0.96 −2.43 ± 0.44 −3.77 ± 1.42 −2.68 ± 1.18 −3.27 ± 1.04

2,000 Control −2.42 ± 0.30 −2.59 ± 0.09 −2.49 ± 0.38 −2.99 ± 0.59 −2.77 ± 0.15

N −2.77 ± 0.73 −3.01 ± 0.44 −2.52 ± 0.19 −2.77 ± 0.15 −2.82 ± 0.39

P −2.23 ± 0.41 −2.67 ± 0.35 −3.39 ± 0.44 −3.61 ± 0.65 −3.16 ± 0.25

N + P −3.08 ± 0.15 −2.71 ± 0.12 −3.73 ± 0.24 −3.84 ± 0.50 −3.28 ± 0.20

3,000 Control −1.52 ± 0.50 −1.54 ± 0.75 −1.52 ± 0.52 −1.81 ± 0.54 −1.45 ± 0.63

N −1.81 ± 0.56 −1.31 ± 0.67 −2.03 ± 0.55 −2.54 ± 0.62 −1.79 ± 0.55

P −1.52 ± 0.29 −1.32 ± 0.33 −1.64 ± 0.49 −1.86 ± 0.50 −1.36 ± 0.39

N + P −1.29 ± 0.23 −1.29 ± 0.47 −1.28 ± 0.24 −1.33 ± 0.16 −1.25 ± 0.13

Abbreviations: N, nitrogen; P, phosphorus; SE, standard error.
aTrapezoidal interpolation for annual estimates in 2010/2011 included two measurements in 2010.

Table 2 
Mean Annual Soil CH4 Fluxes (±SE, n = 3 Plots) From Tropical Montane Forests During 5 Years of Nutrient Addition
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layer and the mineral soil, where most of the soil's CH4 oxidation activity occurs (Wolf et al., 2012). Finally, 
the very low bulk density of the organic layer (Table S1) possibly renders CH4 diffusion into the soil unre-
sponsive to soil moisture. Instead, soil NH4

+ and temperature largely influenced CH4 uptake, of which the 
former implies N limitation (Wolf et al., 2012) and the latter suggests stimulation of CH4 monooxygenase 
enzyme with increase in temperature (Hanson & Hanson, 1996).

4.2.  N-, P-, and N + P-Addition Effects on Soil CH4 Fluxes—Unresponsive Phase

The lack of effect of N and P additions on soil CH4 fluxes during the first 2 years of nutrient addition (Ta-
ble 1; Figure 1) was probably caused by combinations of the moderate amounts of N and P applied, strong 
microbial and plant competition for the applied N and P, vertical distribution of CH4 oxidation activity in 
the soil (Wolf et al., 2012), and the spatial variability of soil CH4 fluxes. The cumulative amounts of N and 
P applied during the first 2 years were 100 kg N ha−1 and 20 kg P ha−1; these were considerably lower than 
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Figure 1.  Mean (±standard error, n = 3) soil CH4 fluxes from montane forests at (a) 1,000 m, (b) 2,000 m, and (c) 
3,000 m elevations during 5 years of nutrient additions: control (filled circle), nitrogen (N) (open circle), phosphorus (P) 
(filled triangle), and N + P (open triangle). Red vertical lines indicate times of nutrient applications.
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the yearly doses applied in other nutrient manipulation studies in (sub)tropical forests (e.g., 150 kg N and 
150 kg P ha−1 yr−1 in China [T. Zhang et al., 2011]; 150 kg N and 50 kg P ha−1 yr−1 in French Guiana [Bréchet 
et al., 2019]; 125 kg N ha−1 yr−1 in Panama [Veldkamp et al., 2013]). In laboratory incubation studies, nu-
trient additions are either mixed with the soil in slurries or added directly to the soil samples where CH4 
is produced or oxidized (Bodelier & Laanbroek, 2004). This results in direct short-term responses of CH4 
fluxes as the microbial community is immediately exposed to the added nutrients, but a major disadvantage 
is that the conditions in the laboratory are not comparable with those in the field. Contrary to laboratory 
studies, nutrients applied to ecosystems in actual field conditions have a much slower response time, as nu-
trients are spread at the soil surface whereas the majority of CH4 oxidation activity is located at the interface 
between the organic layer and the mineral soil (Wolf et al., 2012). In our study, this means that at 2,000 and 
3,000 m the nutrients had to first be transported through a 10–40-cm-thick organic layer (Table S1) before 
reaching this interface. If the net primary production of the forests at these elevations is co-limited by N and 
P, as was shown for the forest at 2,000 m (Báez & Homeier 2018; Homeier et al., 2012), there would be strong 
competition for the applied N and P, particularly in the organic layer where N immobilization by the micro-
bial biomass is high (Baldos et al., 2015). Indeed, at 2,000 m, after 16 months of nutrient application, less 
than 10% of the applied N and less than 1% of the applied P had leached below the organic layer (Wullaert 
et al., 2010). At 1,000 m, the mineral soil was not covered with an organic layer (Table S1). However, at this 
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Figure 2.  Linear regression of plot means of soil CH4 fluxes against soil temperature (n = 18) along a 1,000- to 3,000-m elevation gradient, measured from 2010 
to 2012 in the control, nitrogen (N), phosphorus (P), and N + P plots.
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elevation the spatial variability in soil CH4 fluxes among replicate plots was larger, as indicated by the larger 
SEs on each measurement period, compared to the other elevations (Figure 1), and this large spatial varia-
tion resulted in statistically undetectable treatment effects.

4.3.  N-Addition Effects on Soil CH4 Fluxes—Responsive Phase

The increased CH4 uptake with N addition at 1,000 and 3,000 m (observed in the fourth to fifth year; Ta-
ble 1; Figures 1a and 1c) and a positive correlation between soil CH4 uptake and NO3

− content across the 
elevation gradient in the N-addition plots (Table 3) was in line with the previously observed indications of 
N-limited CH4 oxidation in forest soils in Panama (Matson, Corre, Langs, & Veldkamp, 2017; Veldkamp 
et al., 2013) and in Indonesia (Hassler et al., 2015). However, in montane forests of a Peruvian site, there 
was a negative correlation between soil CH4 uptake and NO3

− content (Jones et al., 2016). The discrepancy 
between the Ecuadorian and the Peruvian sites was best explained by a stronger seasonality and higher 
precipitation leading to soil diffusional constraints and inhibition of soil CH4 uptake at the Peruvian site 
(Jones et al., 2016). In a lowland forest of French Guiana soil, CH4 uptake did not respond to N-additions 
after 1 year of nitrogen addition (Bréchet et al., 2019) indicating that soil CH4 dynamics were still in an un-
responsive phase. Furthermore, in a N-rich subtropical forest in China with high atmospheric N deposition, 
further N applications caused inhibition of CH4 uptake (Zhang et al., 2011), which was probably related to 
the very high N fertilizer application (150 kg N ha−1 year−1 in form of NH4NO3) in an already N-rich eco-
system. In our study, mineral N availability in the soil of the control plots was low (Martinson et al., 2013; 
Müller et al., 2015) and the soil N cycle is conservative, with soil mineral N production rates closely coupled 
to microbial N immobilization rates (Baldos et al., 2015). Four years after the start of the experiment, N 
application decreased microbial N immobilization, decoupling the soil N cycle (Baldos et al., 2015) and 
increasing the mineral N contents in the soil (Table S2; Müller et al., 2015). These changes in soil-N cycling 
after 4 years of N addition were probably sufficient to alleviate N limitation of methanotrophic activity 
and consequently increased CH4 uptake. Since many methanotrophic bacteria have the ability to fix N2 but 
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Treatment/elevation (m) Soil temperature (°C) WFPS (%) NH4
+ (mg N m−2) NO3

− (mg N m−2)

Control

  1,000 −0.23 (n = 18) 0.35 (n = 18) −0.12 (n = 18) −0.08 (n = 18)

  2,000 0.13 (n = 18) 0.08 (n = 18) −0.15 (n = 18) 0.13 (n = 18)

  3,000 −0.49* (n = 18) −0.33 (n = 18) −0.17 (n = 17) −0.19 (n = 17)

N

  1,000 0.04 (n = 18) −0.05 (n = 18) −0.08 (n = 18) −0.28 (n = 18)

  2,000 −0.02 (n = 18) −0.02 (n = 18) −0.18 (n = 18) 0.07 (n = 18)

  3,000 −0.54* (n = 18) −0.12 (n = 18) 0.05 (n = 17) −0.03 (n = 17)

P

  1,000 −0.38 (n = 18) 0.76* (n = 18) 0.12 (n = 18) −0.49* (n = 18)

  2,000 −0.09 (n = 18) 0.20 (n = 18) −0.11 (n = 17) 0.01 (n = 17)

  3,000 −0.64** (n = 18) −0.01 (n = 18) 0.07 (n = 16) −0.03 (n = 16)

N + P

  1,000 −0.70** (n = 18) 0.72** (n = 18) −0.09 (n = 18) 0.08 (n = 18)

  2,000 0.00 (n = 18) 0.21 (n = 18) −0.01 (n = 18) −0.41 (n = 18)

  3,000 −0.68** (n = 18) 0.04 (n = 18) 0.38 (n = 17) 0.58* (n = 17)

Abbreviations: N, nitrogen; P, phosphorus; WFPS, water-filled pore space.
*P ≤ 0.05, **P ≤ 0.01.

Table 3 
Pearson Correlation Coefficients of Soil CH4 Fluxes (μg C m−2 h−1) With Soil Temperature, WFPS, and Soil Mineral N in 
Tropical Montane Forests Along a 1,000- to 3,000-m Elevation Gradient, Measured From 2010 to 2012 in the Top 0.05-m 
Depth of Soil
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can also switch to mineral N assimilation (Hanson & Hanson, 1996), the increased soil mineral N content 
may have allowed methanotrophs to switch from energy-demanding N2 fixation to low-energy mineral N 
acquisition, which can increase CH4-oxidizing activity (Bodelier & Laanbroek, 2004). Despite a similar de-
coupling of soil N cycling in the top 5 cm at 2,000 m (Baldos et al., 2015), we did not observe any changes 
in CH4 uptake, which may be related to the strong P limitation of methanotrophs such that a response to N 
addition was only elicited when applied together with P (see below).

4.4.  P-Addition Effects on Soil CH4 Fluxes—Responsive Phase

At 1,000 m, the lack of P treatment effects on CH4 fluxes (Table 1; Figure 1a) suggests that the methano-
trophic community was not limited by P. Since the soil at this elevation does not have an organic layer, litter 
decomposition is rapid, and nutrients in litterfall are quickly recycled. Low phosphatase activities (Dietrich 
et al.,  2016) combined with the highest total P levels of the mineral soil (Table S1; Baldos et al.,  2015), 
wherein methanotrophic activity is most favored (Wolf et al., 2012), both indicated that the methanotrophic 
bacteria at this elevation were possibly not P-limited.

At 2,000 m, competition between microbial biomass and plants for P was probably the strongest along the 
elevation gradient. This was suggested by the lowest total P concentrations both in the organic layer and 
underlying mineral soil across the elevation gradient (Martinson et al., 2013) and the very low P leaching 
losses (less than 1% of applied P; Wullaert et al., 2010). After 4–5 years of P addition, total P content in the 
organic layer increases (Baldos et al., 2015). Such an increase suggests that sufficient P may have reached 
the mineral soil, where methanotrophic activity is most active (Wolf et al., 2012), alleviating P limitation on 
methanotrophs and resulting in increased CH4 uptake (Table 1; Figure 1b). In a study of canopy soil CH4 
fluxes conducted at the same plots, P addition to the forest floor leads to increase in CH4 uptake in canopy 
soils, suggesting P-limited CH4 oxidation (Matson, Corre, & Veldkamp, 2017). Enhanced soil CH4 uptake by 
addition of P was also observed in a subtropical forest soil; however, the mechanism used to explain their 
observations was increased plant water uptake, which, in turn, reduced soil moisture and increased CH4 
diffusivity from the atmosphere into the soil (T. Zhang et al., 2011).

At 3,000 m, the lack of response to P addition (Table 1; Figure 1c) appeared to be for different reasons. On 
one hand, the organic layer at this elevation is the thickest (Table S1; Martinson et al., 2013) and it had the 
highest phosphatase activities (Dietrich et al., 2016), which may suggest strong microbial-plant competi-
tion for P. On the other hand, the underlying mineral soil, where methanotrophic activity is favored (Wolf 
et  al.,  2012), had higher total P concentrations than the other elevations (Martinson et  al.,  2013). This, 
combined with less acidic mineral soil pH than at 2,000 m (Martinson et al., 2013), suggests conditions of 
sufficient P availability in the mineral soil. These results may imply a decoupling of P availability between 
the organic and mineral soil at this elevation. While there was probably strong microbial-plant competition 
for P in the thick organic layer, in the mineral soil this may not be the case. Even if some of the added P may 
have reached the mineral soil after 3–5 years of P application, there was no detectable response because of 
the relatively sufficient P level in the mineral soil.

4.5.  N + P-Addition Effects on Soil CH4 Fluxes—Responsive Phase

At 1,000 m, there were comparable increases in CH4 uptake in combined N + P and N treatments and a lack 
of response in the P treatment alone over 5 years (Table 1; Figure 1a), suggesting that the treatment effects 
were due to the applied N. As combined N + P application did not show a much larger CH4 uptake than N 
application alone, this also supported our interpretation that P was not limiting CH4 oxidation at this site. 
At 2,000 m, the larger increase in CH4 uptake in combined N + P application than in the P treatment alone 
and the lack of response in N application alone over 5 years (Table 1; Figure 1b) suggested a serial nutrient 
limitation of methanotrophs with synergistic responses. This is akin to what has been described for nutrient 
co-limitation of primary producer communities (Harpole et al., 2011). In a serial nutrient limitation, not 
only P (the primary limiting nutrient), but also N, limits CH4 uptake, whereby synergistic response to N 
application can only occur when it is applied together with P. Our observation that combined N + P appli-
cation resulted in positive correlations of soil CH4 fluxes with both NH4

+ and NO3
− contents over the whole 
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elevation gradient while N- and P-addition alone resulted in positive correlations of soil CH4 fluxes only 
with NO3

− and NH4
+, respectively (Table 3), supports this interpretation.

At 3,000 m, the increase in CH4 uptake in N treatment alone and the lack of responses to P and combined 
N + P during 4 and 5 years of treatment (Table 1; Figure 1c) can be explained by the role of vegetation at 
this elevation. At this elevation, a strong microbial-plant competition for P may have occurred in the thick 
organic layer, while P level was sufficient in the mineral soil (see above), and there was N and P co-limi-
tation of forest productivity. The latter was implied by a trend toward higher basal area increment in the 
N + P treatment compared to the control plots (Homeier et al., 2013). Thus, combined N + P application 
may have increased both N and P uptake by vegetation, such that added N may have not enriched down to 
the mineral soil where methanotrophic activity is most active (Wolf et al., 2012), and thus CH4 uptake was 
not affected. This illustrates that laboratory incubations (in which vegetation is typically excluded) can lead 
to results that cannot be repeated in the field since vegetation can affect the magnitude and even direction 
of the results.

4.6.  Implications for Elevated Nutrient Deposition in Tropical Montane Forests

In summary, we detected N and/or P limitations on soil CH4 uptake across the elevation gradient in a 
delayed responsive phase, which supported our hypotheses. The complex pattern of nutrient limitations 
on soil CH4 uptake across the elevation gradient can be related to the initial availability of N and P in soils 
and their changes with chronic additions. Although elevated deposition of N and/or P has the potential to 
increase soil CH4 uptake, these nutrient-poor ecosystems have strong microbial-plant competition for nutri-
ents, such that their stimulating effects on methanotrophic activity were only detected after several years of 
treatment. These delayed responses also reflected the time needed for the applied nutrients to enrich down 
to the depth at which methanotrophic activity is most active, at the interface of the mineral soil and organic 
layer. Together, these results strongly emphasize the need to investigate nutrient limitations on ecosystem 
processes, such as soil CH4 fluxes, in actual field conditions. At present, elevated N and P depositions are a 
relatively recent phenomenon at our study sites, so stimulation of CH4 uptake in these forest soils by N and/
or P addition was the dominant feature. However, it is likely that a new steady state has not been reached 
and that chronic N and P deposition may ultimately lead to inhibition of CH4 uptake as has been shown in 
other ecosystems that have been exposed to much larger nutrient additions and much prolonged periods of 
high N atmospheric deposition.

Data Availability Statement
The data for this manuscript are deposited in the GRO.data research data repository of the Göttingen Cam-
pus of the University of Göttingen (https://doi.org/10.25625/XLNKNK).

References
Báez, S., & Homeier, J. (2018). Functional traits determine tree growth and ecosystem productivity of a tropical montane forest: Insights 

from a long-term nutrient manipulation experiment. Global Change Biology, 24, 399–409. https://doi.org/10.1111/gcb.13905
Baldos, A. P., Corre, M. D., & Veldkamp, E. (2015). Response of N cycling to nutrient inputs in forest soils across a 1000–3000 m elevation 

gradient in the Ecuadorian Andes. Ecology, 96, 749–761. https://doi.org/10.1890/14-0295.1
Barron, A. R., Wurzburger, N., Bellenger, J. P., Wright, S. J., Kraepiel, A., & Hedin, L. O. (2009). Molybdenum limitation of asymbiotic 

nitrogen fixation in tropical forest soils. Nature Geoscience, 2, 42–45. https://doi.org/10.1038/ngeo366
Bédard, C., & Knowles, R. (1989). Physiology, biochemistry, and specific inhibitors of CH4, NH4

+, and CO oxidation by methanotrophs and 
nitrifiers. Microbiological Reviews, 53(1), 68–84. https://doi.org/10.1128/mmbr.53.1.68-84.1989

Bender, M., & Conrad, R. (1995). Effect of CH4 concentrations and soil conditions on the induction of CH4 oxidation activity. Soil Biology 
and Biochemistry, 27, 1517–1527. https://doi.org/10.1016/0038-0717(95)00104-m

Bergamaschi, P., Frankenberg, C., Meirink, J. F., Krol, M., Villani, G., Houwelling, S., et al. (2009). Inverse modeling of global and region-
al CH4 emissions using SCIAMACHY satellite retrievals. Journal of Geophysical Research, 114. https://doi.org/10.1029/2009jd012287

Bloom, A. A., Palmer, P. I., Fraser, A., Reay, D. S., & Frankenberg, C. (2010). Large-scale controls of methanogenesis inferred from methane 
and gravity spaceborne data. Science, 327, 322–325. https://doi.org/10.1126/science.1175176

Bodelier, P. L., & Laanbroek, H. J. (2004). Nitrogen as a regulatory factor of methane oxidation in soils and sediments. FEMS Microbiology 
Ecology, 47, 265–277. https://doi.org/10.1016/s0168-6496(03)00304-0

Boy, J., Rollenbeck, R., Valarezo, C., & Wilcke, W. (2008). Amazonian biomass burning-derived acid and nutrient deposition in the north 
Andean montane forest of Ecuador. Global Biogeochemical Cycles, 22. https://doi.org/10.1029/2007gb003158

MARTINSON ET AL.

10.1029/2020JG005970

12 of 14

Acknowledgments
The authors thank F. Cuenca, P. 
Ramirez, P. Salas, R. Samaniego, and 
V. Samaniego for assistance in the field 
and laboratory works. The authors 
acknowledge the support of the labora-
tory staff of the Soil Science of Tropical 
and Subtropical Ecosystems group, the 
University of Goettingen, for soil anal-
yses. The authors thank the Ministerio 
del Ambiente of Ecuador for research 
permits; Nature and Culture Interna-
tional (NCI) in Loja for access to the 
study area and the research station; the 
Universidad Técnica Particular de Loja 
for their support. This study was funded 
by the Deutsche Forschungsgemein-
schaft (DFG) as part of subproject A7 
(Ve 219/8-2) within the Research Group 
FOR816: Biodiversity and sustainable 
management of a megadiverse moun-
tain ecosystem in South Ecuador.
Open access funding enabled and 
organized by Projekt DEAL.

https://doi.org/10.25625/XLNKNK
https://doi.org/10.1111/gcb.13905
https://doi.org/10.1890/14-0295.1
https://doi.org/10.1038/ngeo366
https://doi.org/10.1128/mmbr.53.1.68-84.1989
https://doi.org/10.1016/0038-0717(95)00104-m
https://doi.org/10.1029/2009jd012287
https://doi.org/10.1126/science.1175176
https://doi.org/10.1016/s0168-6496(03)00304-0
https://doi.org/10.1029/2007gb003158


Journal of Geophysical Research: Biogeosciences

Bréchet, L., Courtois, E. A., Saint-Germain, T., Janssens, I. A., Asensio, D., Ramirez-Rojas, I., et al. (2019). Disentangling drought and 
nutrient effects on soil carbon dioxide and methane fluxes in a tropical forest. Frontiers in Environmental Science, 7, 180. https://doi.
org/10.3389/fenvs.2019.00180

Carrillo, J. H., Hastings, M. G., Sigman, D. M., & Huebert, B. J. (2002). Atmospheric deposition of inorganic and organic nitrogen and base 
cations in Hawaii. Global Biogeochemical Cycles, 16, 24-1–24-16. https://doi.org/10.1029/2002gb001892

Conrad, R. (1989). Control of methane production in terrestrial ecosystems. In M. O. Andreae, & D. S. Schimel (Eds.), Exchange of trace 
gases between terrestrial ecosystems and the atmosphere (pp. 39–58). Chichester: Wiley.

Conrad, R. (1996). Soil microorganisms as controllers of atmospheric trace gases (H2, CO, CH4, OCS, N2O, and NO). Microbiological Re-
views, 60(4), 609–640. https://doi.org/10.1128/mmbr.60.4.609-640.1996

Conrad, R. (2007). Microbial ecology of methanogens and methanotrophs. Advances in Agronomy, 96, 1–63. https://doi.org/10.1016/
s0065-2113(07)96005-8

Crawley, M. J. (2012). The R book. John Wiley. https://doi.org/10.1002/9781118448908
Crawley, M. J. (Ed.). (2013). The R book. Wiley.
Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P. M., Dickinson, R. E., et al. (2007). In S. Solomon, D. Quin, M. Manning, Z. 

Chen, M. Marquis, K. B. Averyt, et al. (Eds.), Couplings between changes in the climate system and biogeochemistry. Climate Change 2007: 
The physical science basis contribution of working group I to the fourth assessment report of the intergovernmental panel on climate change 
(pp. 500–587). Cambridge: Cambridge University Press.

Dietrich, K., Spoeri, E., & Oelmann, Y. (2016). Nutrient addition modifies phosphatase activities along an altitudinal gradient in a tropical 
montane forest in southern Ecuador. Frontiers in Earth Science, 4, 1–9. https://doi.org/10.3389/feart.2016.00012

Dutaur, L., & Verchot, L. V. (2007). A global inventory of the soil CH4 sink. Global Biogeochemical Cycles, 21, GB4013. https://doi.
org/10.1029/2006gb002734

Emck, P. (2007). A climatology of south Ecuador – with special focus on the major Andean ridge as Atlantic-Pacific climate divide (Doctoral 
dissertation, Universität Erlangen-Nürnberg).

Gray, N. D., McCann, C. M., Christgen, B., Ahammad, S. Z., Roberts, J. A., & Graham, D. W. (2014). Soil geochemistry confines microbial 
abundances across an arctic landscape; implications for net carbon exchange with the atmosphere. Biogeochemistry, 120, 307–317. 
https://doi.org/10.1007/s10533-014-9997-7

Gütlein, A., Gerschlauer, F., Kikoti, I., & Kiese, R. (2018). Impacts of climate and land use on N2O and CH4 fluxes from tropical ecosystems 
in the Mt. Kilimanjaro region, Tanzania. Global Change Biology, 24, 1239–1255. https://doi.org/10.1111/gcb.13944

Hanson, R. S., & Hanson, T. E. (1996). Methanotrophic bacteria. Microbiological Reviews, 60(2), 439–471. https://doi.org/10.1128/
mmbr.60.2.439-471.1996

Harpole, W. S., Ngai, J. T., Cleland, E. E., Seabloom, E. W., Borer, E. T., Bracken, M. E. S., et al. (2011). Nutrient co-limitation of primary 
producer communities. Ecology Letters, 14, 852–862. https://doi.org/10.1111/j.1461-0248.2011.01651.x

Hassler, E., Corre, M. D., Tjoa, A., Damris, M., Utami, S. R., & Veldkamp, E. (2015). Soil fertility controls soil–atmosphere carbon diox-
ide and methane fluxes in a tropical landscape converted from lowland forest to rubber and oil palm plantations. Biogeosciences, 12, 
5831–5852. https://doi.org/10.5194/bg-12-5831-2015

Hietz, P., Turner, B. L., Wanek, W., Richter, A., Nock, C. A., & Wright, S. J. (2011). Long-term change in the nitrogen cycle of tropical forests. 
Science, 334, 664–666. https://doi.org/10.1126/science.1211979

Homeier, J., Hertel, D., Camenzind, T., Cumbicus, N. L., Maraun, M., Martinson, G. O., et al. (2012). Tropical Andean forests are highly 
susceptible to nutrient inputs—Rapid effects of experimental N and P addition to an Ecuadorian montane forest. PLoS One, 7, e47128. 
https://doi.org/10.1371/journal.pone.0047128

Homeier, J., Leuschner, C., Bräuning, A., Cumbicus, N. L., Hertel, D., Martinson, G. O., et al. (2013). Effects of nutrient addition on the 
productivity of montane forests and implications for the carbon cycle. In J. Bendix, E. Beck, A. Bräuning, F. Makeschin, R. Mosandl, S. 
Scheu, & W. Wilcke (Eds.), Ecosystem services, biodiversity and environmental change in a tropical mountain ecosystem of south Ecuador 
(pp. 315–329). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-38137-9_23

Homeier, J. W., Werner, F. A., Gradstein, S. R., Breckle, S. W., Richter, M. (2008). Potential vegetation and floristic composition of Andean 
forests in south Ecuador, with a focus on the RBSF. In E. Beck, J. Bendix, I. Kottke, F. Makeschin, R. Mosandl (Eds.), Ecological studies: 
Gradients in a tropical mountain ecosystem of Ecuador (pp. 87–100). Springer Berlin Heidelberg.

Jones, S. P., Diem, T., Quispe, L. P. H., Cahuana, A. J., Reay, D. S., Meir, P., & Teh, Y. A. (2016). Drivers of atmospheric methane uptake by 
montane forest soils in the southern Peruvian Andes. Biogeosciences, 13, 4151–4165. https://doi.org/10.5194/bg-13-4151-2016

Jugnia, L. B., Mottiar, Y., Djuikom, E., Cabral, A. R., & Greer, C. W. (2012). Effect of compost, nitrogen salts, and NPK fertilizers on 
methane oxidation potential at different temperatures. Applied Microbiology and Biotechnology, 93, 2633–2643. https://doi.org/10.1007/
s00253-011-3560-4

Keller, M., & Reiners, W. A. (1994). Soil-atmosphere exchange of nitrous oxide, nitric oxide and methane under secondary succession of 
pasture to forest in the Atlantic lowlands of Costa Rica. Global Biogeochemical Cycles, 8, 399–409. https://doi.org/10.1029/94gb01660

Koehler, B., Corre, M. D., Steger, K., Well, R., Zehe, E., Sueta, J. P., & Veldkamp, E. (2012). An in-depth look into a tropical lowland forest 
soil: Nitrogen-addition effects on the contents of N2O, CO2 and CH4 and N2O isotopic signatures down to 2-m depth. Biogeochemistry, 
111, 695–713. https://doi.org/10.1007/s10533-012-9711-6

Koehler, B., Corre, M. D., Veldkamp, E., Wullaert, H., & Wright, S. J. (2009). Immediate and long-term nitrogen oxide emissions from tropical 
forest soils exposed to elevated nitrogen input. Global Change Biology, 15, 2049–2066. https://doi.org/10.1111/j.1365-2486.2008.01826.x

Mahowald, N. M., Artaxo, P., Baker, A. R., Jickells, T. D., Okin, G. S., Randerson, J. T., & Townsend, A. R. (2005). Impacts of biomass burn-
ing emissions and land use change on Amazonian atmospheric phosphorus cycling and deposition. Global Biogeochemical Cycles, 19. 
https://doi.org/10.1029/2005gb002541

Martinson, G., Corre, M., & Veldkamp, E. (2013). Responses of nitrous oxide fluxes and soil nitrogen cycling to nutrient additions in mon-
tane forests along an elevation gradient in southern Ecuador. Biogeochemistry, 112, 625–636. https://doi.org/10.1007/s10533-012-9753-9

Matson, A. L., Corre, M. D., Langs, K., & Veldkamp, E. (2017). Soil trace gas fluxes along orthogonal precipitation and soil fertility gradients 
in tropical lowland forests of Panama. Biogeosciences, 14, 3509–3524. https://doi.org/10.5194/bg-14-3509-2017

Matson, A. L., Corre, M. D., & Veldkamp, E. (2017). Canopy soil greenhouse gas dynamics in response to indirect fertilization across an 
elevation gradient of tropical montane forests. Biotropica, 49, 153–159. https://doi.org/10.1111/btp.12413

Moser, G., Hertel, D., & Leuschner, C. (2007). Altitudinal change in LAI and stand leaf biomass in tropical montane forests: A transect 
study in Ecuador and a pan-tropical meta-analysis. Ecosystems, 10, 924–935. https://doi.org/10.1007/s10021-007-9063-6

Müller, A. K., Matson, A. L., Corre, M. D., & Veldkamp, E. (2015). Soil N2O fluxes along an elevation gradient of tropical montane forests 
under experimental nitrogen and phosphorus addition. Frontiers in Earth Science, 3. https://doi.org/10.3389/feart.2015.00066

MARTINSON ET AL.

10.1029/2020JG005970

13 of 14

https://doi.org/10.3389/fenvs.2019.00180
https://doi.org/10.3389/fenvs.2019.00180
https://doi.org/10.1029/2002gb001892
https://doi.org/10.1128/mmbr.60.4.609-640.1996
https://doi.org/10.1016/s0065-2113(07)96005-8
https://doi.org/10.1016/s0065-2113(07)96005-8
https://doi.org/10.1002/9781118448908
https://doi.org/10.3389/feart.2016.00012
https://doi.org/10.1029/2006gb002734
https://doi.org/10.1029/2006gb002734
https://doi.org/10.1007/s10533-014-9997-7
https://doi.org/10.1111/gcb.13944
https://doi.org/10.1128/mmbr.60.2.439-471.1996
https://doi.org/10.1128/mmbr.60.2.439-471.1996
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://doi.org/10.5194/bg-12-5831-2015
https://doi.org/10.1126/science.1211979
https://doi.org/10.1371/journal.pone.0047128
https://doi.org/10.1007/978-3-642-38137-9_23
https://doi.org/10.5194/bg-13-4151-2016
https://doi.org/10.1007/s00253-011-3560-4
https://doi.org/10.1007/s00253-011-3560-4
https://doi.org/10.1029/94gb01660
https://doi.org/10.1007/s10533-012-9711-6
https://doi.org/10.1111/j.1365-2486.2008.01826.x
https://doi.org/10.1029/2005gb002541
https://doi.org/10.1007/s10533-012-9753-9
https://doi.org/10.5194/bg-14-3509-2017
https://doi.org/10.1111/btp.12413
https://doi.org/10.1007/s10021-007-9063-6
https://doi.org/10.3389/feart.2015.00066


Journal of Geophysical Research: Biogeosciences

Ni, X., & Groffman, P. M. (2018). Declines in methane uptake in forest soils. Proceedings of the National Academy of Sciences, 115(34), 
8587–8590. https://doi.org/10.1073/pnas.1807377115

Pangala, S. R., Enrich-Prast, A., Basso, L. S., Peixoto, R. B., Bastviken, D., Hornibrook, E. R. C., et al. (2017). Large emissions from flood-
plain trees close the Amazon methane budget. Nature, 552, 230–234. https://doi.org/10.1038/nature24639

Phoenix, G. K., Hicks, W. K., Cinderby, S., Kuylenstierna, J. C. I., Stock, W. D., Dentener, F. J., et al. (2006). Atmospheric nitrogen deposition 
in world biodiversity hotspots. The need for a greater global perspective in assessing N deposition impacts. Global Change Biology, 12, 
470–476. https://doi.org/10.1111/j.1365-2486.2006.01104.x

Piepho, H. P., Buchse, A., & Richter, C. (2004). A mixed modelling approach for randomized experiments with repeated measures. Journal 
of Agronomy and Crop Science, 190, 230–247. https://doi.org/10.1111/j.1439-037x.2004.00097.x

Purbopuspito, J., Veldkamp, E., Brumme, R., & Murdiyarso, D. (2006). Trace gas fluxes and nitrogen cycling along an elevation sequence of 
tropical montane forests in Central Sulawesi, Indonesia. Global Biogeochemical Cycles, 20, GB3010. https://doi.org/10.1029/2005gb002516

R Development Core Team. (2013). R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Reeburgh, W. S. (2003). Global methane biogeochemistry. In R. F. Keeling, H. D. Holland, & K. K. Turekian (Eds.), Treatise on geochemistry 

(Vol. 4, pp. 65–89). Elsevier.
Riley, W. J., Subin, Z. M., Lawrence, D. M., Swenson, S. C., Torn, M. S., Meng, L., et al. (2012). Barriers to predicting changes in global ter-

restrial methane fluxes: Analyses using CLM4Me, a methane biogeochemistry model integrated in CESM. Biogeosciences, 8, 1925–1953.
Sousa Neto, E., Carmo, J. B., Keller, M., Martins, S. C., Alves, L. F., Vieira, S. A., et al. (2011). Soil-atmosphere exchange of nitrous oxide, 

methane and carbon dioxide in a gradient of elevation in the coastal Brazilian Atlantic forest. Biogeosciences, 8, 733–742. https://doi.
org/10.5194/bg-8-733-2011

Steudler, P. A., Bowden, R. D., Melillo, J. M., & Aber, J. D. (1989). Influence of nitrogen fertilization on methane uptake in temperate forest 
soils. Nature, 341, 314–316. https://doi.org/10.1038/341314a0

Teh, Y. A., Diem, T., Jones, S., Huaraca Quispe, L. P., Baggs, E., Morley, N., et al. (2014). Methane and nitrous oxide fluxes across an eleva-
tion gradient in the tropical Peruvian Andes. Biogeosciences, 11, 2325–2339. https://doi.org/10.5194/bg-11-2325-2014

Teh, Y. A., Silver, W. L., & Conrad, M. E. (2005). Oxygen effects on methane production and oxidation in humid tropical forest soils. Global 
Change Biology, 11, 1283–1297. https://doi.org/10.1111/j.1365-2486.2005.00983.x

Turner, A. J., Frankenberg, C., & Kort, E. A. (2019). Interpreting contemporary trends in atmospheric methane. Proceedings of the National 
Academy of Sciences, 116(8), 2805–2813. https://doi.org/10.1073/pnas.1814297116

Turner, A. J., Frankenberg, C., Wennberg, P. O., & Jacob, D. J. (2017). Ambiguity in the causes for decadal trends in atmospheric methane 
and hydroxyl. Proceedings of the National Academy of Sciences, 114(21), 5367–5372. https://doi.org/10.1073/pnas.1616020114

Veldkamp, E., Koehler, B., & Corre, M. D. (2013). Indications of nitrogen-limited methane uptake in tropical forest soils. Biogeosciences, 10, 
5367–5379. https://doi.org/10.5194/bg-10-5367-2013

Veldkamp, E., Purbopuspito, J., Corre, M. D., Brumme, R., & Murdiyarso, D. (2008). Land use change effects on trace gas fluxes in the forest 
margins of Central Sulawesi, Indonesia. Journal of Geophysical Research, 113. https://doi.org/10.1029/2007jg000522

Veldkamp, E., Weitz, A. M., & Keller, M. (2001). Management effects on methane fluxes in humid tropical pasture soils. Soil Biology and 
Biochemistry, 33, 1493–1499. https://doi.org/10.1016/s0038-0717(01)00060-8

Veraart, A. J., Steenbergh, A. K., Ho, A., Kim, S. Y., & Bodelier, P. L. (2015). Beyond nitrogen. The importance of phosphorus for CH4 oxi-
dation in soils and sediments. Geoderma, 259–260, 337–346. https://doi.org/10.1016/j.geoderma.2015.03.025

Wanyama, I., Pelster, D. E., Butterbach-Bahl, K., Verchot, L. V., Martius, C., & Rufino, M. C. (2019). Soil carbon dioxide and methane fluxes 
from forests and other land use types in an African tropical montane region. Biogeochemistry, 143(2), 171–190. https://doi.org/10.1007/
s10533-019-00555-8

Wolf, K., Flessa, H., & Veldkamp, E. (2012). Atmospheric methane uptake by tropical montane forest soils and the contribution of organic 
layers. Biogeochemistry, 111, 469–483. https://doi.org/10.1007/s10533-011-9681-0

Wolf, K., Veldkamp, E., Homeier, J., & Martinson, G. O. (2011). Nitrogen availability links forest productivity, soil nitrous oxide 
and nitric oxide fluxes of a tropical montane forest in southern Ecuador. Global Biogeochemical Cycles, 25, GB4009. https://doi.
org/10.1029/2010gb003876

Wright, S. J., Yavitt, J. B., Wurzburger, N., Turner, B. L., Tanner, E. V. J., Sayer, E. J., et al. (2011). Potassium, phosphorus, or nitrogen limit 
root allocation, tree growth, or litter production in a lowland tropical forest. Ecology, 92, 1616–1625. https://doi.org/10.1890/10-1558.1

Wullaert, H., Homeier, J., Valarezo, C., & Wilcke, W. (2010). Response of the N and P cycles of an old-growth montane forest in Ec-
uador to experimental low-level N and P amendments. Forest Ecology and Management, 260, 1434–1445. https://doi.org/10.1016/j.
foreco.2010.07.021

Yavitt, J. B., Fahey, T. J., & Simmons, J. A. (1995). Methane and carbon dioxide dynamics in a northern hardwood ecosystem. Soil Science 
Society of America Journal, 59, 796–804. https://doi.org/10.2136/sssaj1995.03615995005900030023x

Zhang, T., Zhu, W., Mo, J., Liu, L., & Dong, S. (2011). Increased phosphorus availability mitigates the inhibition of nitrogen deposition 
on CH4 uptake in an old-growth tropical forest, southern China. Biogeosciences, 8, 2805–2813. https://doi.org/10.5194/bg-8-2805-2011

Zhang, Z., Zimmermann, N. E., Stenke, A., Li, X., Hodson, E. L., Zhu, G., et al. (2017). Emerging role of wetland methane emissions in 
driving 21st century climate change. Proceedings of the National Academy of Sciences, 114(36), 9647–9652. https://doi.org/10.1073/
pnas.1618765114

Zhao, J. F., Peng, S. S., Chen, M. P., Wang, G. Z., Cui, Y. B., Liao, L. G., et al. (2019). Tropical forest soils serve as substantial and persistent 
methane sinks. Scientific Reports, 9(1), 16799. https://doi.org/10.1038/s41598-019-51515-z

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects models and extensions in ecology with R. Springer. 
https://doi.org/10.1007/978-0-387-87458-6

Reference From Supporting Information
Corre, M. D., Veldkamp, E., Arnold, J., & Wright, S. J. (2010). Impact of elevated N input on soil N cycling and losses in old-growth lowland 

and montane forests in Panama. Ecology, 91, 1715–1729. https://doi.org/10.1890/09-0274.1

MARTINSON ET AL.

10.1029/2020JG005970

14 of 14

https://doi.org/10.1073/pnas.1807377115
https://doi.org/10.1038/nature24639
https://doi.org/10.1111/j.1365-2486.2006.01104.x
https://doi.org/10.1111/j.1439-037x.2004.00097.x
https://doi.org/10.1029/2005gb002516
https://doi.org/10.5194/bg-8-733-2011
https://doi.org/10.5194/bg-8-733-2011
https://doi.org/10.1038/341314a0
https://doi.org/10.5194/bg-11-2325-2014
https://doi.org/10.1111/j.1365-2486.2005.00983.x
https://doi.org/10.1073/pnas.1814297116
https://doi.org/10.1073/pnas.1616020114
https://doi.org/10.5194/bg-10-5367-2013
https://doi.org/10.1029/2007jg000522
https://doi.org/10.1016/s0038-0717(01)00060-8
https://doi.org/10.1016/j.geoderma.2015.03.025
https://doi.org/10.1007/s10533-019-00555-8
https://doi.org/10.1007/s10533-019-00555-8
https://doi.org/10.1007/s10533-011-9681-0
https://doi.org/10.1029/2010gb003876
https://doi.org/10.1029/2010gb003876
https://doi.org/10.1890/10-1558.1
https://doi.org/10.1016/j.foreco.2010.07.021
https://doi.org/10.1016/j.foreco.2010.07.021
https://doi.org/10.2136/sssaj1995.03615995005900030023x
https://doi.org/10.5194/bg-8-2805-2011
https://doi.org/10.1073/pnas.1618765114
https://doi.org/10.1073/pnas.1618765114
https://doi.org/10.1038/s41598-019-51515-z
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1890/09-0274.1

	Nitrogen and Phosphorus Control Soil Methane Uptake in Tropical Montane Forests
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Study Area
	2.2. Experimental Design
	2.3. Soil CH4 Flux, Temperature, Moisture, and Mineral N
	2.4. Statistical Analysis

	3. Results
	3.1. Control Plots: Soil CH4 Fluxes and Soil Factors
	3.2. Nutrient Addition Effects on Soil CH4 Fluxes

	4. Discussion
	4.1. Soil CH4 Flux and Its Soil Controlling Factors in Control Forests Along the Elevation Gradient
	4.2. N-, P-, and N + P-Addition Effects on Soil CH4 Fluxes—Unresponsive Phase
	4.3. N-Addition Effects on Soil CH4 Fluxes—Responsive Phase
	4.4. P-Addition Effects on Soil CH4 Fluxes—Responsive Phase
	4.5. N + P-Addition Effects on Soil CH4 Fluxes—Responsive Phase
	4.6. Implications for Elevated Nutrient Deposition in Tropical Montane Forests

	Data Availability Statement
	References
	Reference From Supporting Information


