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SUMMARY 

 

Peatlands are widespread throughout the tropical Andean páramo. Despite the large carbon stocks in these 

ecosystems, carbon dioxide (CO2) and methane (CH4) flux data are lacking. In addition, cattle grazing is 

widespread in the páramo and could alter gas fluxes. Therefore, our objectives were to measure CO2 and CH4 

fluxes with the static chamber technique in an undisturbed and in an intensively cattle grazed peatland in the 

mountains of Ecuador. We found that hummocks in the undisturbed site had higher net ecosystem exchange 

(NEE), gross primary production (GPP), ecosystem respiration (ER), and CH4 fluxes, compared to lawns. In 

contrast, microtopography at the grazed site did not predict CO2 fluxes, whereas vegetation cover was 

correlated for all three metrics (NEE, ER, and GPP). At low vegetation cover, NEE was positive (losing 

carbon). CH4 emissions in the undisturbed site were low (8.1 mg CH4 m-2 d-1). In contrast, CH4 emissions at 

the grazed site were much greater (132.3 mg CH4 m-2 d-1). This is probably attributable to trampling and 

nutrient inputs from cattle. In summary, the two peatlands differed greatly in CO2 and CH4 exchange rates, 

which could be due to the variation in climate and hydrology, or alternatively to intensive grazing by cattle. 
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INTRODUCTION 

 

Peatlands accumulate thick layers of partially 

decayed organic matter (peat) that develops by the 

accumulation of plant material in saturated anoxic 

soils (Gorham 1991, Rydin & Jeglum 2006). The 

long-term apparent rate of carbon accumulation 

(LARCA) of these systems results from an 

imbalanced carbon (C) cycle favouring C uptake over 

C loss (Clymo 1984). However, the anoxic 

conditions in peatlands commonly stimulate 

production of methane (CH4), a potent greenhouse 

gas that has a higher global warming potential and 

radiative forcing than carbon dioxide (CO2) (Myhre 

et al. 2013). 

Peatlands cover only approximately 3 % of the 

Earth’s land surface, but represent 30‒40 % of the 

global soil C pool (Gorham 1991, Page et al. 2011). 

Although peatlands are most extensive in the boreal 

and temperate zones, they are also numerous in many 

tropical regions (Joosten 2010). Total C stocks of 

tropical peatlands are ~18 % of the global peat stock, 

with tropical South American peatlands estimated to 

contain ~ 24 % of the total tropical peatland area 

(Page et al. 2011). However, recent mapping of 

peatlands in the South American lowlands provides 

evidence that there is a considerable amount of C 

unaccounted for in regional and global C inventories 

(Draper et al. 2014). Until recently, C accounting 

initiatives have focused on lowland peatlands, 

overlooking the large pools of C in tropical Andean 

mountain peatlands (Samaniego et al. 1998, Chimner 

& Karberg 2008, Cooper et al. 2010, Hribljan et al. 

2015, Hribljan et al. 2017). 

The tropical alpine zone of Venezuela, Colombia, 

Ecuador, and Northern Perú, ~ 3000‒5000 m above 

sea level (masl) (called the páramo), is cold and wet 

with high solar radiation (Balslev & Luteyn 1992, 

Hofstede 2003). Due to its tropical location, the 

páramo has low seasonal climate variability (Mena & 

Hofstede 2006), resulting in both year-long plant 

production and perennially saturated soils. The 

interaction between climate, geographical location 

and topographical convergence in the Andes 

contributes to the formation of numerous peatlands 

(Buytaert et al. 2005). 

Andean peatlands, locally referred to as 

“turberas” or “bofedales”, are common throughout 

the South American tropics (Chimner & Karberg 

2008, Cooper et al. 2010, Maldonado Fonkén 2014, 

Hribljan et al. 2015, Hribljan et al. 2017). In the 

Ecuadorian páramo, these peatlands tend to be 

dominated by several species of cushion plants (e.g. 

Plantago spp., Azorella spp., Distichia spp.), grasses 
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(e.g. Calamagrostis spp., Cortaderia spp.), sedges 

(e.g. Carex spp.), and a variety of mosses that form a 

heterogeneous vegetation cover (Bosman et al. 1993, 

Hribljan et al. 2017). Peatlands in the Ecuadorian 

páramo are small but numerous, representing 

approximately 22 % of the páramo in north-central 

Ecuador (Hribljan et al. 2017). They range in age 

from 10000 to 100 years, with most initiated between 

5000 and 3000 years ago (Samaniego et al. 1998, 

Chimner & Karberg 2008, Hribljan et al. 2015, 

Hribljan et al. 2016). Although relatively young, 

Ecuadorian peatlands have thick peat deposits 

(regional mean ~ 5‒6 m) with mean LARCA values 

in the range 12‒53 g m-2 yr-1 (Chimner & Karberg 

2008, Hribljan et al. 2015, Hribljan et al. 2016). 

These C accumulation rates are generally greater than 

in northern high-latitude peatlands, which have mean 

LARCA values of ~18 g m-2 yr-1 (Yu et al. 2010), but 

are comparable to those of Amazonian lowland peat 

swamp forests whose LARCA value range is 39‒85 

g m-2 yr-1 (Lahteenoja et al. 2009). 

Despite the large C deposits in Andean peatlands, 

data on the dynamics and environmental factors that 

control C cycling here are sparse. Studies of the CO2 

fluxes of mountain peatlands in temperate regions 

show distinct seasonal patterns, with a broad range of 

photosynthetic values during snow-free periods and a 

significant positive correlation of CO2 emissions with 

soil temperature, as well as a significant negative 

correlation of CO2 emissions with water table level 

(Wickland et al. 2001, Chimner & Cooper 2003, 

Otieno et al. 2009). Because CO2 flux data are 

lacking in the tropical Andean region there is a large 

knowledge gap on C cycling dynamics and the 

environmental factors that influence these fluxes. 

Studies of CH4 efflux in Andean peatlands 

provide contrasting results. A study of a cool 

temperate peatland dominated by aerenchymatous 

cushion plants in Patagonia found near-zero 

emissions of CH4 (Fritz et al. 2011), which deviates 

from the finding that aerenchymatous vascular plants 

are typically associated with higher CH4 emissions 

(Turetsky et al. 2014). Fritz et al. (2011) attributed 

the low CH4 emissions to high levels of soil 

oxygenation in the rooting zone of aerenchymatous 

cushion plants supporting aerobic methanotrophs. In 

support of this, they measured greater CH4 emissions 

from clipped cushion plant patches, concluding that 

the cushions suppressed CH4 emissions. At the only 

tropical Andean site, Teh et al. (2014) found that 

upper montane grasslands in Perú are net CH4 

sources. Since CH4 emissions in high-altitude 

ecosystems have rarely been measured, it is difficult 

to generalise these patterns to all Andean peatlands. 

Microtopography (e.g. hummocks, lawns, and 

pools) is important in peatlands, providing 

heterogeneity in microclimate and anoxic conditions, 

which can in turn modify C cycling and vegetation 

composition (Rydin & Jeglum 2006). For example, 

hummocks in temperate Sphagnum peatlands are 

often associated with higher CO2 fluxes, whereas 

lawns are wetter and typically have greater rates of 

CH4 emissions (Bubier et al. 1992, Johnson et al. 

2013). Microtopography effects on C exchange in 

Andean peatlands may be different as many of them 

are dominated by cushion plants 15‒30 cm above the 

water table (Bosman et al. 1993), which could 

provide direct vascular pathways for trace gas 

movement. However, we are unaware of any tests of 

this hypothesis. 

In addition to their ecological relevance, Andean 

peatlands are socio-economically important to local 

communities and cities, which benefit from their 

many ecosystem services including hydrological 

regulation (Suárez 2001, Izurieta 2005, Buytaert et 

al. 2005) and grazing (Izurieta 2005, Young 2009). 

Since the introduction of hoofed grazing animals to 

the Andean páramo ~ 200 years ago and the growth 

of agricultural practices, the vegetation has suffered 

a significant change in composition and 

fragmentation (Millones 1982, Molinillo & 

Monasterio 2002). Of the total land area of páramo in 

Ecuador (approximately 5 % of the national 

territory), 40 % is protected in national parks or 

ecological reserves, and the remaining 60 % has been 

altered by human intervention or is currently being 

utilised (Beltrán et al. 2009). Grazing is widespread 

in the Andes (Balslev & Luteyn 1992, Hofstede 

1995), and one of the main reasons for degradation of 

peatlands in this region (Salvador et al. 2014). The 

widespread use of cattle, as well as the increasing 

intensity of grazing, could significantly change the 

ecological functions of these systems. 

Cattle can affect peatlands by trampling, grazing, 

and altering nutrient cycling (Sjögersten et al. 2011). 

Trampling can cause peat subsidence and changes to 

bulk density (Rydin & Jeglum 2006). Moreover, 

trampling can reduce the amount of 

photosynthetically active biomass by damaging or 

killing plants, leading to lower plant production (Falk 

et al. 2014, Chimner et al. 2016). Furthermore, the 

addition of nutrients from faecal matter and urine can 

shift vegetation cover towards a graminoid 

dominated system, enhance photosynthesis and net 

ecosystem C uptake (Falk et al. 2015), increase 

above-ground biomass, and accelerate organic matter 

decomposition (Urbina & Benavides 2015). Changes 

in the biomass, productivity, and structure of 

peatland vegetation, with shifts in soil 

decomposition, can affect net gaseous C exchange 
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and in some cases transform the peatland to a net 

source of CO2 (Sjögersten et al. 2011, Falk et al. 

2014). 

The effects of grazing on CH4 emissions in 

peatlands vary, with some studies linking grazing to 

higher emissions (e.g. Aerts & de Caluwe 1999, Fritz 

et al. 2011, Boon et al. 2014) and others to lowered 

or unimpacted emissions (e.g. Sjögersten et al. 2011, 

Falk et al. 2015). Higher emissions have been 

attributed to nutrient inputs (Aerts & de Caluwe 

1999, Boon et al. 2014) and physical changes (e.g. 

vegetation removal) (Fritz et al. 2011). In addition, 

reduced net ecosystem exchange (NEE) and gross 

primary production (GPP) could lead to lower CH4 

emissions by reducing substrate availability for CH4 

production (Falk et al. 2015). 

Because of the lack of information on C cycling 

in tropical Andean peatlands, and the vegetative 

differences between these peatlands and 

temperate/boreal peatlands (especially the 

replacement of Sphagnum hummocks with cushion 

hummocks), our objectives were to measure fluxes of 

CO2 and CH4 in an undisturbed peatland and an 

intensively grazed site. We hypothesised 1) that 

microtopography would affect fluxes, leading to 

greater CO2 uptake on hummocks and greater CH4 

emissions in lawns; and 2) that disturbance by 

intensive grazing would cause a reduction of NEE 

and GPP, and an increase in CH4 emissions. 

 

 

METHODS 

 

Study sites 

The study was conducted in two peatlands in the 

Ecuadorian Andes (Figure 1). Cayambe Coca (CC) is 

situated in the Cayambe Coca National Park and 

Antisana (AN) is located on a  cattle farm that borders 

 

 

 
 

Figure 1. Map of sites in Cayambe Coca National Park (CC) and Antisana Ecological Reserve (AN) located 

in the Andean mountain region to the east of Quito, Ecuador. Satellite image includes intellectual property 

of ESRI and its licensors and are used herein under licence. Copyright © [World Imagery, August 2016] 

ESRI and its licensors. All rights reserved. Ecuador and South America maps: Diva-GIS, GADM Database 

of Global Administrative Areas, November 2015. 
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the Antisana Ecological Reserve. The air temperature 

at these sites varies greatly during the day, due to the 

high altitudes, but there is minimal seasonality and 

precipitation occurs almost daily (Suárez 2001). 

The CC site (0º 19' 09″ S, 78º 11' 59″ W) is located 

in the Potrerillos lava flow, which is part of the 

Chacana Caldera (Hall & Mothes 2008). This level, 

basin-shaped peatland in a very small catchment is 

adjacent to a small pond (Figure 2A) with no 

evidence of human activity or livestock use. Annual 

precipitation is high due to orographic effects. The 

site is dominated by the hummock-forming cushion 

plant Plantago rigida (Plantaginaceae), and the 

lawns are covered by brown mosses interspersed with 

a few dwarf shrubs, mostly Disterigma empetrifolium 

(Ericaceae). The peat deposit at CC is 3.9 m deep, 

composed of dense sapric peat with inter-bedding of 

volcanic ash, and has a basal age of 8036 years (Site 

C2 in Hribljan et al. 2016). 

The sloping AN site (0º 29' 41″ S, 78º 16' 35″ W) 

is adjacent to a stream in the foothills of the Antisana 

volcano (Figure 2) and is dominated by P. rigida and 

Eleocharis albibracteata (Cyperaceae). In contrast to 

CC, this site has a long history of cattle grazing 

(Whymper 1880). Currently, cattle are allowed to 

range across the greater Antisana region, and this 

peatland is widely affected. Plant cover varies greatly 

at the micro-scale due to trampling by cattle, and 

ranges from 0 to 100 % (Figure 2 B1). The peat 

deposit is 2.9 m deep, composed of dense sapric peat 

with ash and other mineral layers interbedded, and 

has a basal age of 5313 years (Site A3 in Hribljan et 

al. 2016). 

Although CC is well protected from disturbance, 

we do not regard it as a control for the highly 

impacted AN site because of the differences in 

geomorphology, altitude and local climatic 

conditions between the two sites. 

 

Experimental setup 

Polyvinyl chloride (PVC) collars (diameter 40.6 cm, 

height 10 cm, wall thickness 0.5 cm) were placed in 

pairs in adjacent hummocks and lawns. The 

hummocks  consisted  mostly  of  P.  rigida  cushions 

 

 

 
 

Figure 2. Left: topography of the study sites, Cayambe Coca (A) and Antisana (B). Each circle represents a 

collar pair. Right: photographs of the study sites Cayambe Coca (A.1) and Antisana (B.1) with vegetation 

dominated by cushion plants. There is evidence of cattle disturbance at Antisana. 
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and the lawns consisted mainly of a mix of 

E. albibracteata and D. empetrifolium. Each pair of 

collars was separated from other pairs by 

approximately 3 m, and the distance between the 

collars of each pair was approximately 1 m. Collars 

were carefully inserted into the peat to a depth of 

5 cm to create a solid seal between the peat and the 

collar, and were left in place for the entire study. At 

CC, eight collars (four pairs) were laid along a 

transect that bisected the peatland (Figure 2A). At 

AN, 16 collars (eight pairs) were laid along a grazing 

disturbance gradient - half of the collars were 

intentionally placed in areas that showed less 

disturbance and had 100 % vegetation cover, and the 

other half were placed in more disturbed areas with 

vegetation cover that varied from 0 to 95 % 

(Figure 2B). Movable boardwalks were constructed 

at both sites to prevent disturbance of the peatland 

while measuring CO2 and CH4 fluxes. To create 

supports for the boardwalks, four PVC pipes 

(10.2 cm diameter × 50 cm long) were installed in the 

soil adjacent to each pair of collars, and left in place 

throughout the study. 

 

CO2 flux measurements 

An EGM-4 Infrared Gas Analyzer (IRGA; EGM-4; 

PP Systems, Amesbury, USA) connected to a 

custom-made clear acrylic chamber (diameter 

40.6 cm, height 59 cm, volume 76533 cm3; 

Hutchinson & Mosier 1981) was used to measure 

CO2 fluxes. The chamber was equipped with a 

detachable top, mixing fan, vent valve, and a 

photosynthetically active radiation (PAR) sensor. 

The IRGA had a closed path system with a constant 

pump flow rate of approximately 350 cm3 min-1. The 

IRGA was zeroed through a soda lime scrubber and 

calibrated in situ every sampling campaign with a 

400 ppm calibration CO2 standard (Mesa, USA). 

Calibration of the IRGA was problematic because the 

sites were above 3,900 masl with atmospheric 

pressure below 650 mbar, which is outside the bench-

tested range of the PP Systems IRGA (850–1150 

mbar, or around 1400–1200 masl; PP Systems, 

personal communication, October 20th, 2014). To 

confirm IRGA stability at these altitudes, a curve of 

volumetric concentration (ppm) versus altitude was 

fitted. Tests of the IRGA along an altitudinal gradient 

from 3500‒4100 masl with a 400 ppm calibration 

standard revealed a measured CO2 concentration that 

was offset from the real standard gas concentration 

and linearly increased as pressure decreased with 

altitude. Therefore, CO2 standards (300, 400, 500, 

and 600 ppm) were measured at the field sites to 

prepare a curve for posterior (subsequent) slope 

correction. Standards were prepared using 400 and 

10000 ppm CO2 calibration standards (Mesa, USA), 

a gas-tight syringe (Super Syringe S-500, Hamilton, 

Reno, USA) and Tedlar bags (500 and 1000 ml 

Tedlar air sample bag, SKC, Pennsylvania, USA). 

Calibration curves were linear (mean R2 = 0.96) and 

did not differ significantly between dates. From the 

mean slope of the curves (0.70 ± 0.08), a correction 

factor of 1.43 was created for adjusting the IRGA 

CO2 measurements. 

To perform a CO2 measurement, the acrylic 

cylinder was placed on the collar and the 

chamber/collar seam was sealed with a rubber gasket. 

After the chamber had equilibrated briefly, the 

acrylic lid was closed and also sealed with a rubber 

gasket. To measure NEE, clear chamber 

measurements were taken first under a range of light 

conditions, capturing the net effect of photosynthetic 

CO2 fixation plus plant and microbial respiration. 

Next, ecosystem respiration (ER) was measured as 

follows: the chamber lid was opened briefly to re-

equilibrate the chamber with ambient conditions, 

then closed, sealed, and covered with a white opaque 

cloth to block sunlight and prevent photosynthesis. 

Measured PAR was always equal to zero under the 

cloth. The CO2 flux into the chamber (∆C/∆t; µmol 

mol-1 s-1) was calculated from the slope of a quadratic 

fit of the CO2 concentration (ppm) curve over a 

sampling period of 124 seconds with CO2 

concentration recorded every 4.8 seconds. To convert 

the flux from volumetric to mass basis we used the 

following equation: 

 

𝐹𝐶𝑂2 =
3600∆𝐶

106∆𝑡
×

𝑃

1013
×

273.15

(273.15+𝑇)
  

 

×
44.009

22.414
×

𝑉𝑐

𝐴𝑐
× 103   [1] 

 

where: FCO2 is the mass flux in g CO2 m-2 h-1, ∆C is 

the change in CO2 concentration in µmol mol-1, ∆t is 

time in s, 3600 is a conversion factor from s to h, 10-6 

is the conversion factor from µmol to mol, P is 

ambient pressure in mbar, T is ambient temperature  

in °C, 44.009 is the molar mass of CO2 in g mol-1, 

22.414 is the molar volume of an ideal gas at STP in 

L mol-1, Vc is the chamber plus collar volume in m3, 

Ac is the cross-sectional area of the collar in m2, and 

103 is the conversion factor from L to m3. GPP was 

calculated as the difference between NEE and ER. In 

this study, we use the flux sign convention where 

positive values indicate a release of CO2 from the 

ecosystem to the atmosphere, and negative values 

represent an uptake of CO2 by the ecosystem from the 

atmosphere. Chamber measurements were taken on 
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dry days only, between 09:00 and 16:00 hrs, and the 

measurement order was randomised across collars. 

Data collection was performed in eleven campaigns 

for CC and nine for AN, at intervals of approximately    

1–2 months from July 2014 to February 2016. 

 

Methane flux measurements 

Methane fluxes were measured using the static 

chamber technique (diameter 40.6 cm, height 31 cm, 

volume 40133 cm3; Hutchinson & Mosier 1981). The 

custom-made chamber was opaque, and equipped 

with a vent tube for pressure equilibration together 

with a fan. A portable flame ionisation detector (FID; 

INFICON-Photovac MicroFID II, New York, USA) 

was used to determine CH4 concentrations. We have 

used this unit directly plumbed to our chamber at 

lower altitudes, but this was not possible here 

because a minimum of 17 % effective oxygen is 

required to start the hydrogen flame (INFICON 

2012) and the effective percent oxygen at both study 

sites was around 13 %. Therefore, gas samples from 

the chambers were analysed the same day on the FID 

at a lower altitude (~ 2,400 masl) in a laboratory at 

the Universidad San Francisco de Quito. For each 

collar, a sample of ambient air was taken from above 

the vegetation using a gas-tight syringe. Next, the 

chamber was placed over the collar, tightly sealed 

with a rubber gasket placed over the chamber/collar 

seam, and the syringe was used to extract 500 ml of 

headspace gas through a septum on the side of the 

chamber and then injected into a Tedlar gas bag that 

was pre-flushed with nitrogen (zero grade 99 %; 

Mesa, USA). An air sample was taken from the 

chamber immediately after it was closed (i.e. at 

0 min), then at 15, 30, and 45 min. In the laboratory, 

the FID was calibrated using a two span calibration 

(zero air, 10 ppm and 100 ppm CH4; Mesa, USA). 

The CH4 concentration in each of the Tedlar bags was 

measured by connecting the bag to the FID and 

measuring until readings stabilised (~ eight seconds). 

CH4 volumetric fluxes (∆C/∆t; µmol mol-1 s-1) were 

calculated as the slope of the linear relationship of 

CH4 concentration (ppm) over the 45 min sampling 

period and converted to a mass basis using the molar 

mass of CH4 (16.043 g mol-1) in Equation 1. A 

headspace correction was calculated to adjust CH4 

volumetric fluxes to account for chamber gas dilution 

when a gas sample was taken from the chamber, 

assuming the removed 500 ml of headspace gas was 

replaced via the vent tube with ambient air at the CH4 

concentration measured at the beginning of the 

measurement period (LI-COR Doc # 979-08937). 

The CH4 emissions were scaled to mg m-2 d-1. The 

difference between the CH4 flux calculated with and 

without the headspace correction was less than 2.7 %. 

We did not consider or apply any corrections for 

ebullition events. Data collection was performed in 

eight campaigns for CC and six for AN, on dry days 

at intervals of approximately 1–2 months from 

November 2014 to February 2016. 

 

Environmental factors and vegetation cover 

Ambient air temperature, peat temperature at 5 cm 

depth, and barometric pressure were recorded during 

each gas flux measurement. In addition, a three 

sensor logging thermometer (1-Wire Digital 

Thermometer DS18B20, Dallas Semiconductor, 

Maxim Integrated, San Jose, USA) was inserted into 

the peatland to record peat temperature at three 

different depths (0, -5, and -10 cm) every four hours 

within each collar. Peat temperature data were 

recorded from June 2014 to March 2015 for CC and 

from October 2014 to May 2015 for AN. Reported 

peat temperature data are averages of temperatures at 

the three depths. Due to equipment malfunction and 

unforeseen loss of some data, the data presented for 

peat temperature at AN are for hummocks only. 

Vegetation cover was estimated visually for each 

collar, as the percent cover of each species or genus. 

Precipitation data for CC were obtained from the 

Fondo de Agua para Quito (FONAG) Virgen 

Papallacta station, which is located approximately 

4 km from the study site (3920 masl). Precipitation 

data for AN came from the Mica Presa station of 

Empresa Pública Metropolitana de Agua Potable y 

Saneamiento (EPMAPS) approximately 6.5 km from 

the study site (3957 masl). 

Water table levels (cm) were measured at each site 

in a 1 m long × 6.3 cm diameter PVC slotted pipe 

covered with a fine nylon mesh, inserted into a 

pre-cored hole, flushed several times to clear the well 

of sediment from installation, and capped. A water 

level datalogger (Levelogger Model 3001, Solinst, 

Canada) was placed inside each well. In addition, a 

barometric pressure datalogger (Barologger Model 

3001, Solinst, Canada) was placed in a PVC pipe on 

a drier section of the peatland. Atmospheric pressure 

correction was made to the Levelogger values and 

daily measurements of water table level were obtained 

for each site. Manual well measurements were also 

conducted over the course of the sampling season to 

confirm the accuracy of the Levelogger. Each manual 

well measurement was conducted by dipping a ruler 

inside the well, aligning the 0 cm mark with the 

peatland surface and measuring the distance to the 

water level. If the water table was above the peatland 

surface a positive value was registered, and if it was 

below the surface a negative value was recorded. A 

single pH measurement was made for each site in 

March 2015. 
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Statistical analyses 

For CO2 fluxes, 84 measurements were included for 

CC and 124 for AN, taken on eleven and nine dates, 

respectively. For CH4 fluxes, 64 measurements were 

used for CC and 49 for AN, taken on eight and six 

dates, respectively. At AN, the CH4 measurements 

were taken consistently only in lawns due to 

logistical constraints. A few data points were omitted 

for both sites due to equipment problems (for CO2 

fluxes, data from five collars and one date were 

omitted at CC, and data from 20 collars and five dates 

were omitted at AN; for CH4, data from seven collars 

and two dates were omitted). The potential effect of 

microtopography (hummocks versus lawns) on peat 

temperature was analysed with a paired t-test. Proc 

Mixed software (SAS version 9.4, Cary, NC, USA) 

was used to perform a repeated measures analysis 

with mixed effects, collars as subjects, the collar pairs 

as a block effect, and microtopography as a group 

effect. CH4 and CO2 were the dependent variables 

with GPP, NEE and ER analysed separately for CO2. 

For AN, the effects of the explanatory variables 

(vegetation cover and microtopography) on CO2 

fluxes, and the effects of vegetation cover on CH4 

fluxes, were analysed. For CC, the effects of 

microtopography on CH4 and CO2 fluxes were 

analysed. Residuals were checked for normality and 

that homogeneity of variance assumptions were met. 

Data were prepared for presentation as arithmetic 

means ± SE, and significance was determined at an 

alpha value of 0.05. At both sites PAR was regressed 

against GPP to assess the possible impact of cloud 

cover on our results. The data were fitted with an 

exponential rise to the maximum, single, three 

parameter model in SigmaPlot 12.5 (Systat Software 

Inc., San Jose, USA). The equations were then used 

to calculate the PAR value for 95 % saturation of 

GPP. 

 

 

RESULTS 

 

Environmental factors and hydrology 

During the study period, both sites were very wet 

with frequent, almost daily precipitation that led to 

relatively stable water tables until an El Niño event 

started in October 2015. This reduced precipitation 

leading to lowered water tables in January‒February 

2016 (Figure 3). Prior to the El Niño event, water 

table levels typically ranged from around 3 cm above 

to 5 cm below the soil surface at CC and from around 

0 cm to 20 cm below the soil surface at AN (Figure 3 

and Table 1). Peat temperature ranged from 0.5 to 

17.5 °C at CC and from -3.5 to 41.5 °C at AN 

(Table 1). The daily minimum and maximum peat 

temperatures typically occurred at approximately 

02:00 and 14:00 hrs, respectively. For CC, a paired t-

test showed a significant difference between the daily 

mean peat temperatures of hummocks (M = 6.3 °C, 

s2 = 1.9) and lawns (M = 6.8 °C, s2 = 1.5), 

(t(278) = 27.8; p < 0.001), with higher temperatures in 

lawns. For AN, a paired t-test showed a significant 

difference between the daily mean peat temperatures 

of hummocks with 100 % cover (M = 8.7 °C, s2 = 0.7) 

and less than 100 % cover (M = 8.4 °C, s2 = 0.5), 

(t(221) = 11; p < 0.001), with higher temperatures in 

100 % cover collars. 

 

Carbon dioxide and methane fluxes 

Mean GPP for the undisturbed site (CC) was -1.35 g 

CO2 m-2 hr-1, and for the grazed site (AN) -2.87 g CO2 

m-2 hr-1 (Table 2). Mean NEE was -0.69 g CO2 m-2 hr-1 

at the undisturbed site and -1.25 g CO2 m-2 hr-1 at the 

grazed site, and mean ER was 0.66 and 1.62 g CO2
 m-2 

hr-1 for the undisturbed and grazed sites, respectively. 

The CO2 fluxes at CC were significantly different 

between hummocks and lawns (Figure 4). GPP was 

approximately five times greater on hummocks 

(-2.28 ± 0.13 g CO2 m-2 hr-1) compared to lawns 

(-0.43 ± 0.06 g CO2 m-2 hr-1; p = < 0.0001). ER was 

four times greater on hummocks (1.08 ± 0.07 g CO2 

m-2 hr-1) than on lawns (0.24 ± 0.03 g CO2 m-2 hr-1; 

p = < 0.0001). NEE was six times higher on 

hummocks (-1.19 ± 0.12 g CO2 m-2 hr-1) compared to 

lawns (-0.19 ± 0.04 g CO2 m-2 hr-1; p = 0.0009). CH4 

efflux was not significantly different between 

hummocks (10.15 ± 2.06 mg CH4 m-2 d-1) and lawns 

(6.07 ± 1.01 mg CH4 m-2 d-1; p = 0.3207). In contrast, 

at the grazed site (AN) there was no significant effect 

of microtopography on any of the fluxes. There was, 

however, a linear relationship for NEE, GPP and CH4 

flux versus percent vegetation cover (Figure 5). 

Gas emissions were modified by temperature, 

with GPP, ER, and NEE all generally increasing with 

increasing temperature (Figure 6). There was no 

discernable pattern with CH4 and temperature. GPP 

was also influenced by PAR, but the effects of 

microtopography on light response curves differed 

between sites. In CC the light response curve showed 

a marked difference between hummocks and lawns 

(Figure 7 and Table 3). The lawns in CC showed a 

non-significant equation, whereas the hummocks 

showed a significant response function with a 95 % 

saturation point at around 2500 µmol m-2 s-1. In AN, 

the light response curves (generated using collars 

with 100 % vegetation cover only) showed no clear 

differences between hummocks and lawns, but the 

95 % saturation point was around 3000 µmol m-2 s-1. 
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Figure 3. Water table levels (cm) for Cayambe Coca (CC) and Antisana (AN). Negative values indicate 

water level below the peatland surface. No precipitation data were available for AN in 2016, but the steady 

line for water table level suggests a long period of reduced precipitation. 

 

 

DISCUSSION 

 

CO2 fluxes 

Despite the high altitude (> 3200 masl) and the cold 

and cloudy conditions of the páramo, plant 

production appeared to be high in these peatlands. 

Our results for mean GPP in both the undisturbed and 

the grazed site were greater than those reported for 

Sphagnum dominated low-altitude temperate 

peatlands (-0.71 and -1.03 g CO2 m-2 hr-1; Carroll & 

Crill 1997, Johnson et al. 2013, Ballantyne et al. 

2014), but within the range of values reported for 

sedge-dominated mountain ecosystems in temperate 

regions (-0.01 and -6.32 g CO2 m-2 hr-1; Wickland et 

al. 2001, Otieno et al. 2009, Millar et al. 2016). These 

results show that, despite the harsh conditions (high 

UV, potential for frosts and snow on any day) of 

growing at high altitudes (> 3500 m), some plant 

communities in these peatlands have high 

productivity throughout the year, which allows them 

to accumulate considerable amounts of peat (Hribljan 

et al. 2016). 
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Table 1. Descriptions of the peatlands sampled at Cayambe Coca National Park (CC) and Antisana Ecological 

Reserve (AN). Precipitation, ambient temperature, water table level, and peat temperature are presented as 

mean value (minimum, maximum). 

 

Attribute CC AN 

Altitude (masl) 4258 3940 

Co-ordinates (longitude, latitude) -78.199753, -0.319114 -78.276429, -0.494660 

Mean annual precipitation (mm yr-1) 1375 (635, 2667) a 828 (558, 1168) b 

Mean daily ambient temperature (°C) 5.2 (0.94, 9.98) a 5.7 (0.4, 7.7) c 

pH 5.4 5.2 

Mean daily water table (cm) -5.8 (-58.0, 3.2) -24.2 (-50.0, 1.1) 

Mean daily peat temperature (°C)  6.5 (0.5, 17.5) 8.7 (-3.5, 41.5)d 

Age of peatland (yr) e 8036 5313 

Mean peatland soil depth (m) 3.9 e 2.9 f 

Carbon storage (Mg ha-1) e 1037 1046 
a between the years 2009–2015 at Virgen Papallacta station; 3920 masl and 4 km distant from the study site (FONAG, 

personal communication July 2016) 
b between the years 1987–2015 at Mica Presa station; 3957 masl and 6.5 km distant from the study site (EMAPS, personal 

communication July 2016) 
c between the years 2000–2010 at Mica Presa station (EPMAPS, personal communication July 2016) 
d peat temperature for hummocks only on AN 
e (Hribljan et al. 2016) 
f (Comas et al. 2017) 

 

 

 

Table 2. Summary of carbon gas flux data from the Cayambe Coca (CC) and Antisana (AN) sites. Net 

ecosystem exchange (NEE), ecosystem respiration (ER) and gross primary production (GPP) are expressed in 

g CO2 m-2 hr-1, and positive values represent release by the ecosystem. Methane (CH4) flux is expressed in mg 

CH4 m-2 d-1, and positive values represent loss from the ecosystem. Note that these data represent daytime-

only values; carbon dioxide (CO2) flux would be higher if night-time respiration were considered. The mean 

values represent averages of collars. 

 
 CC AN 
 NEE ER GPP CH4 NEE ER GPP CH4* 

Mean -0.69 0.66 -1.35 8.10 -1.25 1.62 -2.87 132.25 

Standard error 0.08 0.06 0.12 1.17 0.13 0.07 0.17 34.22 

* lawns only 

 

 

The high GPP values are coupled with high 

daytime NEE. The mean NEE reported in this study 

for both sites (CC: -0.69, AN: -1.25 g CO2 m-2 hr-1; 

collar averages) are greater than those reported for 

Sphagnum-dominated temperate peatlands (-0.005 

and -0.5 g CO2 m-2 hr-1; Carroll & Crill 1997, Riutta 

et al. 2007, Johnson et al. 2013, Ballantyne et al. 

2014), but within the range of those reported for grass 

and moss dominated mountain peatlands in southern 

Germany (-0.79 and -1.58 g CO2 m-2 hr-1; Otieno et 

al. 2009) and sedge dominated peatlands in the 

Colorado Rocky Mountains (-1.08 g CO2 m-2 hr-1; 

Millar et al. 2016). 

Microtopography had a large influence on CO2 

fluxes at the undisturbed site, with higher NEE, GPP, 

and ER values on hummocks than on lawns. Other 

studies have observed this pattern in low-altitude 

peatlands at higher latitudes (e.g., Strack et al. 2006, 

Sullivan et al. 2008). These increased values of NEE, 

GPP, and ER in hummocks result in a heterogeneous 

CO2 exchange pattern. In contrast, at the fully 

vegetated collars of the grazed site, hummocks and 

lawns showed no significant differences for NEE, 

GPP, and ER mean values, which might suggest that
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Figure 4: Mean net ecosystem exchange (NEE), ecosystem respiration (ER), gross primary production 

(GPP) and methane flux by microtopography (hummock and lawn) for all plots at Cayambe Coca (CC) and 

Antisana (AN). Error bars indicate one standard error. Asterisks indicate significant differences between 

hummock and lawn. For carbon dioxide (CO2) components (g CO2 m-2 hr-1), negative values represent uptake 

by the ecosystem. For methane (mg CH4 m-2 hr-1), positive values represent loss from the ecosystem. No 

data shown for CH4 fluxes in hummocks at AN. 

 

 

the influence of grazing reduces the heterogeneity of 

CO2 flux patterns in peatlands dominated by cushion 

plants. Alternatively, the differences in plant 

community and depth to water table might also drive 

these patterns. 

The mean GPP and NEE values measured for fully 

vegetated collars are approximately two and a half 

times greater at AN than at CC. The higher GPP and 

NEE at AN could be due to environmental 

differences, such as higher temperature, lower cloud 

cover, lower precipitation, sloping basin morphology 

that alters the hydrology between the sites, and 

greater nutrient inputs because of the larger upslope 

catchment. Lower cloud cover does not explain the 

entire pattern because the light response functions 

saturated at a higher GPP for AN than for CC. 

Moreover, AN is approximately 2.2 °C warmer and 

has lower water tables which minimises flooding 

stress, both of which could have contributed to 

increased production. However, these differences in 

flux might also be caused by grazing. Light to 

moderate grazing can lead to increased density of 

vascular plants, an increased net ecosystem uptake of 

CO2 (Falk et al. 2015), and fertilisation by cow 

manure and urine can lead to higher plant 

productivity (Boon et al. 2014). This pattern was 

found by a study conducted in cushion plant 

dominated peatlands in the Andes of Colombia, 

where above-ground biomass was greater in grazed 

plots (Urbina & Benavides 2015). 
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Figure 5. Mean net ecosystem exchange (NEE), ecosystem respiration (ER), gross primary production 

(GPP), and methane (CH4) flux by percent vegetation cover at Antisana. Error bars indicate one standard 

error. For carbon dioxide (CO2) components (g CO2 m-2 hr-1), negative values represent uptake by the 

ecosystem. For CH4 (mg CH4 m-2 hr-1), positive values represent loss from the ecosystem. CH4 values are 

shown only for lawns. Linear fit for all graphs. Normality assumption not met for ER. 

 

 

However, intensive grazing and trampling can 

expose the peat and reduce the photosynthetically 

active biomass. Other studies have shown a 

relationship between NEE and plant biomass, 

reporting a decrease in NEE with grazing in arctic 

mires (Sjögersten et al. 2011, Falk et al. 2014). Our 

low NEE values and proportionally higher ER values 

at trampled locations indicate that areas with less than 

~ 90 % vegetation cover are likely to be net sources 

of CO2 if night-time respiration is taken into account. 

Thus, the combination of the positive effects of 

fertilisation and the negative effects of trampling 

might lead to a peaked relationship between 

herbivore disturbance intensity and NEE in these 

ecosystems. 

CH4 fluxes 

There is a stark contrast between the low CH4 

emissions in the undisturbed site (10.1 mg CH4 m-2 d-1 

for lawns) and the greater CH4 emissions at the 

grazed site (132.3 mg CH4 m-2 d-1 for lawns). In a 

global review, Turetsky et al. (2014) found that 

average CH4 emissions for pristine boreal and 

temperate peatlands were in the range ~ 50‒200 

mgCH4 m-2 d-1 and developed equations for 

calculating CH4 emissions based on mean annual 

temperature. Using the mean annual air temperature 

of both our sites (5 °C) and Equation 2 in Turetsky et 

al. (2014), we calculated a mean flux of ~ 45 mg CH4 

m-2 d-1, which is several times greater than the values 

we measured at the undisturbed site but lower than 
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Figure 6. Correlations between gross primary production (GPP) (top), ecosystem respiration (ER) (bottom) 

(g CO2 m-2 hr-1) and soil temperature (°C) at 5 cm depth for Cayambe Coca (CC) and Antisana (AN). Note 

that AN values only included collars with 100 % vegetation cover. 

 

 

the values we measured at the grazed site. It is 

important to realise that the low growing season rates 

measured in this study do not accurately reflect 

differences in annual flux rates due to differences in 

seasonality between the tropics and temperate-boreal 

zones (Chimner 2004). Most peatlands in temperate-

boreal regions have low CH4 emissions during winter 

and much higher rates during the growing season 

(Dise 1992, Alm et al. 1999, Huth et al. 2012), which 

suggests that annual CH4 emissions at our study sites 

could be closer to the mean reported for the temperate 

and boreal zones. Indeed, the mean annual values 

measured in the undisturbed site (3 g CH4 m-2 yr-1) are 

close to the annual rates reported for nutrient-poor 

boreal peatlands ~ 4 to 15 g CH4 m-2 yr-1 (Wilson et 

al. 2016). 

Although CH4 emissions in CC were low 

compared  to  northern  peatlands   in  temperate  and 
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Figure 7. Light response curves, gross primary production (GPP; g CO2 m-2 hr-1) versus photosynthetically 

active radiation (PAR; µmol m-2 s-1) by microtopography (hummock and lawn) for Cayambe Coca (CC) 

and Antisana (AN). The inverse sign for GPP was used in these light response curves. Note that AN values 

only included collars with 100 % vegetation cover. The equation fitted is exponential rise to the maximum, 

single, 3 parameter: f = y0 + a(1 - exp(-bx)). 

 

 

boreal zones, they are not zero. This contrasts with 

findings by Fritz et al. (2011) who reported zero CH4 

emissions in a cushion plant dominated peatland in 

Patagonia, Argentina. This discrepancy could be 

explained by differences in climate (the Fritz et al. 

2011 study was conducted at 40 masl in a temperate 

zone), and/or associated plant communities (Turetsky 

et al. 2014). 

To explore the influence of plant communities 

further, we can look at the effect of microtopography 

on CH4 emissions at the undisturbed site. 

Microtopography seems to be an important control 

on CH4 emissions in CC, with higher CH4 emissions 

for hummocks than for lawns. A number of studies 

have found that CH4 efflux derives from greater 

photosynthetic activity, which in turn leads to an 

elevated supply of root exudates as a substrate for 

CH4 production, and subsequently enhanced CH4 

emission through aerenchymatous tissues (Whiting 

& Chanton 1992, Lai et al. 2014). The cushion plants 

that dominate our study sites are vascular plants that 

may have aerenchymatous tissues, as described for 

other species in the genus Plantago (Striker et al. 

2007). However, increased CH4 efflux by 

aerenchymatous plants depends on whether the 

rhizospheres are sufficiently oxygenated by radial 

oxygen loss from roots. Fritz et al. (2011) attribute 

the absence of CH4 emissions to oxygenation of the 

rooting zone of densely growing cushion plants. The 

plant species in our study may have different oxygen
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Table 3. Light response curve equation coefficients and adjusted R2 for the Cayambe Coca (CC) and 

Antisana (AN) sites by microtopography (hummock and lawn). Note that AN values only included collars with 

100 % vegetation cover. The equation fitted is exponential rise to the maximum, single, 3 parameter: 

f = y0 + a(1 - exp(-bx)). 

  
CC AN 

 
Hummock Lawn Hummock Lawn 

R2 0.5120 -0.0084 0.3863 0.3606 
 

Coefficient P Coefficient P Coefficient P Coefficient P 

y0 -1.5263 0.4154 -0.5436 0.8212 -0.4081 0.8367 -0.7327 0.7366 

a 4.3013 0.0175 1.0172 0.6668 5.9232 0.0003 5.3219 0.0023 

b 0.0022 0.0199 0.0037 0.5236 0.0010 0.1634 0.0010 0.2274 

 

 

transport characteristics, as porosity values for roots 

with aerenchyma have been found to differ among 

plant species and even between genotypes (Colmer 

2003). The presence of these cushion plants at our 

site may enhance CH4 emissions from the anoxic 

rooting zone via aerenchymatous tissues (Joabsson et 

al. 1999). The influence of vegetation on gas flux is 

also evidenced by the strong positive association of 

graminoids with CH4 emissions (Turetsky et al. 

2014). In the Andes, this is consistent with a study by 

Teh et al. (2014) who reported CH4 emissions of 

15.6 mg m-2 d-1 for montane grasslands in Perú, 

which is roughly double the emission rate reported 

for the undisturbed site in this study. 

The higher CH4 emissions from the grazed site 

equate to an annual emission of 48 g CH4 m-2 yr-1 

which is 16 times greater than for the undisturbed 

site, in the upper range of values reported for pristine 

peatlands in northern regions, and higher than those 

reported for nutrient-rich boreal peatlands (Turetsky 

et al. 2014, Wilson et al. 2016). Because many grazed 

peatlands are drained, studies conducted in these 

grazed drained peatlands have often found lower 

rates of CH4 emissions due to the absence of saturated 

conditions (e.g. Nykänen et al. 1995, Turetsky et al. 

2014) rather than to grazing per se. Thus, CH4 

emissions from enclosures of muskox grazing in an 

undrained high arctic mire in Greenland were 44 % 

lower than in grazed controls (Falk et al. 2015). 

Although not directly comparable, the undrained and 

often saturated conditions of AN provide a perfect 

environment for the production of CH4 (Rydin & 

Jeglum 2006). In addition, the presence of cattle at 

AN may lead to increased CH4 emissions due to the 

constant input of cattle urine and manure. Nutrient 

additions could increase CH4 emissions, as it has 

been shown that ammonium (NH4
+) may inhibit an 

enzyme in CH4 oxidising bacteria and boost CH4 

production (Dobbie & Smith 1996, Aerts & de 

Caluwe 1999, Boon et al. 2014), and manure can also 

provide a labile substrate for methanogens (Lai et al. 

2014). In addition, we estimated that the reduction of 

vegetation cover by grazing and trampling may 

increase CH4 emissions by approximately 50 %. This 

hypothesis is supported by Fritz et al. (2011), who 

found that emissions from clipped cushion plants 

were higher than those reported for intact cushions. 

 

 

CONCLUSIONS 

 

This article is the first to report both CO2 and CH4 

emissions in Andean mountain peatlands, providing 

knowledge of C gas fluxes in an understudied 

ecosystem type. The two peatlands we studied 

differed greatly in CO2 and CH4 exchange patterns, 

which could be due to differences in climate and 

hydrology, or alternatively to cattle disturbance at 

AN. Given that the grazed site shows lower NEE 

values and higher CH4 emissions with increasing 

disturbance intensity, intensive grazing practices that 

lead to physical disturbance of the vegetation are 

likely to reduce or reverse greenhouse gas benefits 

from mountain peatlands. These intensive grazing 

practices will also cause loss of peat and, 

consequently, a decline in the many other ecosystem 

services that peatlands provide. 

 

 

ACKNOWLEDGEMENTS 

 

We thank Martín Carrera and Segundo Chimbolema 

for their important help with data collection. We also 

thank John Stanovick for pivotal help with the SAS 



M.E. Sánchez et al.   CO2 AND CH4 FLUXES IN ECUADORIAN MOUNTAIN PEATLANDS 

 
Mires and Peat, Volume 19 (2017), Article 20, 1–18, http://www.mires-and-peat.net/, ISSN 1819-754X 

© 2017 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2017.OMB.277 
 

15 

models. We thank Ellie Crane, Alex Brown, Austin 

Meyer, Josie Scott, Ryan Newis, Haley Randolph, 

Lila Wright, José Schreckinger and Jael Martínez for 

field and laboratory assistance. Special thanks to the 

Freshwater Ecology Lab, LEA-USFQ, for allowing 

the use of facilities and equipment. We thank the two 

anonymous reviewers for providing constructive 

comments, as well as the Article Editor for his 

contribution to the final version of the manuscript. 

This project was supported by the Sustainable 

Wetlands Adaptation and Mitigation Program 

(SWAMP). A collaboration grant provided additional 

support from Universidad San Francisco de Quito. 

We also thank the Ministry of the Environment of 

Ecuador for issuing the permits 001-2015-RIC-FLO- 

DPAP-MA and 08-15-IC-FAU-DPAP-MA, for our 

work at Parque Nacional Cayambe Coca and the 

Reserva Ecológica Antisana. 

 

 

REFERENCES 

 

Aerts, R. & de Caluwe, H. (1999) Nitrogen 

deposition effects on carbon dioxide and methane 

emissions from temperate peatland soils. Oikos, 

84, 44–54. 

Alm, J., Saarnio, S., Nykänen, H., Silvola, J. & 

Martikainen, P.J. (1999) Winter CO2, CH4 and 

N2O fluxes on some natural and drained boreal 

peatlands. Biogeochemistry, 44, 163–186. 

Ballantyne, D.M., Hribljan, J.A., Pypker, T.G. & 

Chimner, R.A. (2014) Long-term water table 

manipulations alter peatland gaseous carbon 

fluxes in Northern Michigan. Wetlands Ecology 

and Management, 22, 35–47. 

Balslev, H. & Luteyn, J.L. (eds.) (1992) Páramo: An 

Andean Ecosystem Under Human Influence. 

Academic Press, London, UK, 280 pp. 

Beltrán, K., Salgado, S., Cuesta, F., León-Yánez, S., 

Romoleroux, K., Ortiz, E., Cárdenas, A. & 

Velástegui, A. (2009) Distribución Espacial, 

Sistemas Ecológicos y Caracterización Florística 

de Los Páramos en el Ecuador (Spatial 

Distribution, Ecological Systems and Floristic 

Characterization of Ecuadorian Páramos). 

EcoCiencia, Proyecto Páramo Andino y Herbario 

QCA, Quito, Ecuador, 27 pp. (in Spanish).  

Boon, J.S., Robinson, J.S., Chadwick, D.R. & 

Cardenas, L.M. (2014) Effect of cattle urine 

addition on the surface emissions and subsurface 

concentrations of greenhouse gases in a UK peat 

grassland. Agriculture, Ecosystems and 

Environment, 18, 23–32. 

Bosman, A.F., Van Der Molen, P.C., Young, R. & 

Cleef, R. (1993) Ecology of a páramo cushion 

mire. Journal of Vegetation Science, 4, 633–640. 

Bubier, J., Costello, A., Moore, T.R., Roulet, N.T. & 

Savage, K. (1992) Microtopography and methane 

flux in boreal peatlands, northern Ontario, 

Canada. Canada Journal of Botany, 71, 1056–

1063. 

Buytaert, W., Wyseure, G., De Bièvre, B. & Deckers, 

J. (2005) The effect of land-use changes on the 

hydrological behaviour of Histic Andosols in 

south Ecuador. Hydrological Processes, 19, 

3985–3997. 

Carroll, P. & Crill, P. (1997) Carbon balance of a 

temperate poor fen. Global Biogeochemical 

Sciences, 11, 349–356. 

Chimner, R.A. (2004) Soil respiration rates of 

tropical peatlands in Micronesia and Hawaii. 

Wetlands, 24, 51–56. 

Chimner, R.A. & Cooper, D.J. (2003) Carbon 

dynamics of pristine and hydrologically modified 

fens in the southern Rocky Mountains. Canada 

Journal of Botany, 81, 477–491. 

Chimner, R.A. & Karberg, J.M. (2008) Long-term 

carbon accumulation in two tropical mountain 

peatlands, Andes Mountains, Ecuador. Mires and 

Peat, 3(04), 1–10. 

Chimner, R.A., Cooper D.J., Wurster F.C. & 

Rochefort L. (2016) An overview of peatland 

restoration in North America: where are we after 

25 years? Restoration Ecology, 25, 283–292.  

Clymo, R.S. (1984) The limits to peat bog growth. 

Philosophical Transactions of the Royal Society 

of London B, 303, 605–654. 

Colmer, T.D. (2003) Long-distance transport of 

gases in plants: A perspective on internal aeration 

and radial oxygen loss from roots. Plant, Cell and 

Environment, 26, 17–36. 

Comas, X., Terry, N., Hribljan, J.A., Lilleskov, E.A., 

Suarez, E., Chimner, R.A. & Kolka, R.K. (2017) 

Estimating belowground carbon stocks in 

peatlands of the Ecuadorian páramo using ground-

penetrating radar (GPR). Journal of Geophysical 

Research Biogeosciences, 122, 370–386. 

Cooper, D.J., Wolf, E.C., Colson, C., Vering, W., 

Granda, A. & Meyer, M. (2010) Alpine peatlands 

of the Andes, Cajamarca, Peru. Arctic, Antarctic, 

and Alpine Research, 42, 19–33. 

Dise, N.B. (1992) Winter fluxes of methane from 

Minnesota peatlands. Biogeochemistry, 17, 71–

83. 

Dobbie, K.E. & Smith, K.A. (1996). Comparison of 

CH4 oxidation rates in woodland, arable and set 

aside soils. Soil Biology and Biochemistry, 28, 

1357–1365. 

Draper, F.C., Roucoux, K.H., Lawson, I.T., Mitchard 

E.T., Honorio, E.N., Lähteenoja, O., Torres 



M.E. Sánchez et al.   CO2 AND CH4 FLUXES IN ECUADORIAN MOUNTAIN PEATLANDS 

 
Mires and Peat, Volume 19 (2017), Article 20, 1–18, http://www.mires-and-peat.net/, ISSN 1819-754X 

© 2017 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2017.OMB.277 
 

16 

Montenegro, L., Valderrama Sandoval, E., Zaráte, 

R. & Baker, T.R. (2014) The distribution and 

amount of carbon in the largest peatland complex 

in Amazonia. Environmental Research Letters, 9, 

124017, doi:10.1088/1748-9326/9/12/124017. 

Falk, J.M., Schmidt, N.M. & Ström, L. (2014) Effects 

of simulated increased grazing on carbon 

allocation patterns in a high arctic mire. 

Biogeochemistry, 119, 229–244. 

Falk, J.M., Schmidt, N.M., Christensen, T.R. & 

Ström, L. (2015) Large herbivore grazing affects 

the vegetation structure and greenhouse gas 

balance in a high arctic mire. Environmental 

Research Letters, 10, 045001, doi:10.1088/1748-

9326/10/4/045001. 

Fritz, C., Pancotto, V.A., Elzenga, J.T.M., Visser, 

E.J.W., Grootjans, A.P., Pol, A., Iturraspe, R., 

Roelofs, J.G.M. & Smolders, A.J.P. (2011) Zero 

methane emission bogs: Extreme rhizosphere 

oxygenation by cushion plants in Patagonia. New 

Phytologist, 190, 398–408. 

Gorham, E. (1991) Northern peatlands: Role in the 

carbon cycle and probable responses to climatic 

warming. Ecological Applications, 1, 182–195. 

Hall, M.L. & Mothes, P.A. (2008) The Chacana 

caldera complex in Ecuador. Earth and 

Environmental Sciences, 3, 012004, 

doi:10.1088/1755-1307/3/1/012004. 

Hofstede, R. (1995) The effects of grazing and 

burning on soil and plant nutrient concentrations 

in Colombian páramo grasslands. Plant and Soil, 

173, 111–132. 

Hofstede, R. (2003) Los páramos en el mundo: su 

diversidad y sus habitantes (Paramos of the world: 

their diversity and inhabitants). In: Hofstede, R., 

Segarra, P. & Mena, P. (eds.) Los Páramos del 

Mundo (Paramos of the World). Proyecto Atlas 

Mundial de los Páramos, Global Peatland 

Initiative/NC-IUCN/EcoCiencia, Quito, Ecuador, 

15–38 (in Spanish). 

Hribljan, J.A., Cooper, D.J., Sueltenfuss, J., Wolf, 

E.C., Heckman, K.A., Lilleskov, E.A. & Chimmer, 

R.A. (2015) Carbon storage and long-term rate of 

accumulation in high-altitude Andean peatlands 

of Bolivia. Mires and Peat, 15(12), 1–14. 

Hribljan, J.A., Suárez, E., Heckman, K.A., Lilleskov, 

E.A. & Chimner, R.A. (2016) Peatland carbon 

stocks and accumulation rates in the Ecuadorian 

páramo. Wetlands Ecology and Management, 24, 

113–127. 

Hribljan, J.A., Suárez, E., Bourgeau-Chavez, L., 

Endres, S., Lilleskov, E.A., Chimbolema, S., 

Wayson, C., Serocki, E. & Chimner, R.A. (2017) 

Multi-date, multi-sensor remote sensing reveals 

high density of carbon-rich mountain peatlands in 

the páramo of Ecuador. Global Change Biology, 

doi: 10.1111/gcb.13807. 

Hutchinson, G.L. & Mosier, A.R. (1981) Improved 

soil cover method for field measurement of 

nitrous oxide fluxes. Soil Science Society of 

America, 45, 311–316. 

Huth, V., Jurasinski, G. & Glatzel, S. (2012) Winter 

emissions of carbon dioxide, methane and nitrous 

oxide from a minerotrophic fen under nature 

conservation management in north-east Germany. 

Mires and Peat, 10(04), 1–13. 

INFICON (2012) MicroFID II Flame Ionization 

Detector. Operating Manual, Inficon, East 

Syracuse, NY, 89 pp. Online at: 

http://products.inficon.com/GetAttachment.axd?

attaName=01654655-d89b-48d1-8fad-

28f31c208654, accessed 25 Sep 2017. 

Izurieta, X. (ed.) (2005) Turberas Altoandinas. 

Espacios Frágiles de Vida y Cultura (Peatlands 

of the High Andes. Fragile Places of Life and 

Culture). Global Peatland Initiative/NC-

IUCN/ECOPAR/ GRUPO PARAMO, Quito, 

Ecuador, 70 pp. (in Spanish). 

Joabsson, A., Christensen, T.R. & Wallén, B. (1999) 

Vascular plant controls on methane emissions 

from northern peat-forming wetlands. TREE, 14, 

385–388. 

Johnson, C.P., Pypker, T.G., Hribljan, J.A. & 

Chimner, R.A. (2013) Open top chambers and 

infrared lamps: A comparison of heating efficacy 

and CO2/CH4 dynamics in a northern Michigan 

peatland. Ecosystems, 16, 736–748. 

Joosten H. (2010) The Global Peatland CO2 Picture: 

Peatland Status and Drainage Emissions in all 

Countries of the World. Wetlands International, 

Ede, 36 pp. 

Lahteenoja, O., Ruokolainen, K., Schulman, L. & 

Oinonen, M. (2009) Amazonian peatlands: An 

ignored C sink and potential source. Global 

Change Biology, 15, 2311–2320. 

Lai, D.Y.F., Roulet, N.T. & Moore, T.R. (2014) The 

spatial and temporal relationships between CO2 

and CH4 exchange in a temperate ombrotrophic 

bog. Atmospheric Environment, 89, 249–259. 

Maldonado Fonkén, M.S. (2014) An introduction to 

the bofedales of the Peruvian High Andes. Mires 

and Peat, 15(05), 1–13. 

Mena, P. & Hofstede, R. (2006) Los páramos 

ecuatorianos (Ecuadorian paramos). In: Morales, 

M.R., Øllgaard, B., Kvist, L.P., Borchsenius, F. & 

Balslev, H. (eds.) Botánica Económica de los 

Andes Centrales (Economic Botany of the Central 

Andes), Universidad Mayor de San Andrés, La 

Paz, Bolivia, 91–109 (in Spanish). 

Millar, D.J., Cooper, D.J., Dwire, K.A., Hubbard, 



M.E. Sánchez et al.   CO2 AND CH4 FLUXES IN ECUADORIAN MOUNTAIN PEATLANDS 

 
Mires and Peat, Volume 19 (2017), Article 20, 1–18, http://www.mires-and-peat.net/, ISSN 1819-754X 

© 2017 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2017.OMB.277 
 

17 

R.M. & Von Fischer, J. (2016) Mountain 

peatlands range from CO2 sinks at high elevations 

to sources at low elevations: Implications for a 

changing climate. Ecosystems, 20, 416–432. 

Millones, J. (1982) Patterns of land use and 

associated environmental problems of the Central 

Andes: An integrated summary. Mountain 

Research and Development, 2, 49–61. 

Molinillo, M. & Monasterio, M. (2002) Patrones de 

vegetación y pastoreo en ambientes de páramo 

(Vegetation and grazing patterns in paramo 

environments). Ecotrópicos, 15, 19–34 (in 

Spanish). 

Myhre, G., Shindell, D., Bréon, F-M., Collins, W., 

Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J-

F., Lee, L., Mendoza, B., Nakajima, T., Robock, 

A., Stephens, G., Takemura, T. & Zhang, H 

(2013) Anthropogenic and natural radiative 

forcing. In: Stocker, T.F., Qin, D., Plattner, G-K., 

Tignor, M., Allen, S.K., Boschung, J., Nauels, A., 

Xia, Y., Bex, V. & Midgley, P.M. (eds.) Climate 

Change 2013: The Physical Science Basis. 

Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental 

Panel on Climate Change, Cambridge University 

Press, Cambridge, United Kingdom and New 

York, NY, USA, 659–740. 

Nykänen, H., Alm, J., Lang, K., Silvola, J. & 

Martikainen, P.J. (1995) Emissions of CH4, N2O 

and CO2 from a virgin fen and a fen drained for 

grassland in Finland. Journal of Biogeography, 

223, 351–357. 

Otieno, D.O., Wartinger, M., Nishiwaki, A., Hussain, 

M.Z., Muhr, J., Borken, W. & Lischeid, G. (2009) 

Responses of CO2 exchange and primary 

production of the ecosystem components to 

environmental changes in a mountain peatland. 

Ecosystems, 12, 590–603. 

Page, S., Rieley, J.O. & Banks, C.J. (2011) Global 

and regional importance of the tropical peatland 

carbon pool. Global Change Biology, 17, 798–

818. 

Riutta, T., Laine, J. & Tuittila, E-S. (2007) 

Sensitivity of CO2 exchange of fen ecosystem 

components to water level variation. Ecosystems, 

10, 718–733. 

Rydin, H. & Jeglum, J. (2006) The Biology of 

Peatlands. Oxford University Press, New York, 

USA, 432 pp. 

Salvador, F., Monerris, J. & Rochefort, L. (2014) 

Peatlands of the Peruvian Puna ecoregion: types, 

characteristics and disturbance. Mires and Peat, 

15(03), 1–17. 

Samaniego, P., Monzier, M., Robin, C. & Hall, M.L. 

(1998) Late Holocene eruptive activity at Nevado 

Cayambe volcano, Ecuador. Bulletin of 

Volcanology, 59, 451–459. 

Sjögersten, S., van der Wal, R., Loonen, M.J.J.E. & 

Woodin, S.J. (2011) Recovery of ecosystem 

carbon fluxes and storage from herbivory. 

Biogeochemistry, 106, 357–370. 

Strack, M., Waddington, J.M., Rochefort, L. & 

Tuittila, E.S. (2006) Response of vegetation and 

net ecosystem carbon dioxide exchange at 

different peatland microforms following water 

table drawdown. Journal of Geophysical Research, 

111, G02006, doi:10.1029/2005JG000145. 

Striker, G.G., Insausti, P., Grimoldi, A.A. & Vega, 

A.S. (2007) Trade-off between root porosity and 

mechanical strength in species with different 

types of aerenchyma. Plant, Cell and 

Environment, 30, 580–589. 

Suárez, L. (2001) Los páramos como paisajes 

culturales en el Ecuador (Paramos as cultural 

landscapes in Ecuador). Chapter 12 in: Mujica, E. 

(ed.) Paisajes culturales en los Andes. Memoria 

Narrativa, Casos de Estudio, Conclusiones y 

Recomendaciones de la Reunión de Expertos 

(Cultural Landscapes in the Andes. Narrative 

Memory, Case Studies, Conclusions and 

Recommendations of the Expert Meeting), 

UNESCO, Lima, Peru, 244 pp. (in Spanish). 

Sullivan, P.F., Arens, S.J.T., Chimner, R.A. & Welker, 

J.M. (2008) Temperature and microtopography 

interact to control carbon cycling in a high arctic 

fen. Ecosystems, 11, 61–76. 

Teh, Y.A., Diem, T., Jones, S., Huaraca Quispe, L.P., 

Baggs, E., Morley, N., Richards, M., Smith, P. & 

Meir, P. (2014) Methane and nitrous oxide fluxes 

across an elevation gradient in the tropical 

Peruvian Andes. Biogeosciences, 11, 2325–2339. 

Turetsky, M.R., Kotowska, A., Bubier, J., Dise, N.B., 

Crill, P., Hornibrook, E.R.C., Minkkinen, K., 

Moore, T.R., Myers-Smith, I.H., Nykänen, H., 

Olefeldt, D., Rinne, J., Saarnio, S., Shurpali, N., 

Tuittila, E-S., Waddington, J.M., White, J.R., 

Wickland, K.P. & Wilmking, M. (2014) A 

synthesis of methane emissions from 71 northern, 

temperate, and subtropical wetlands. Global 

Change Biology, 20, 2183–2197. 

Urbina, J.C. & Benavides, J.C. (2015) Simulated 

small scale disturbances increase decomposition 

rates and facilitates invasive species 

encroachment in a high elevation tropical Andean 

peatland. Biotropica, 47, 143–151. 

Whiting, G.J. & Chanton, J.P. (1992) Plant 

dependent CH4 emission in a subarctic Canadian 

fen. Global Biogeochemical Cycles, 6, 225–231. 

Whymper, E. (1880) Viajes a Través de los 

Majestuosos Andes del Ecuador (Travels Amongst 



M.E. Sánchez et al.   CO2 AND CH4 FLUXES IN ECUADORIAN MOUNTAIN PEATLANDS 

 
Mires and Peat, Volume 19 (2017), Article 20, 1–18, http://www.mires-and-peat.net/, ISSN 1819-754X 

© 2017 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2017.OMB.277 
 

18 

the Great Andes of the Equator). 1. Ed. (1993), 

Ediciones Abya-Yala, Quito, 544 pp. (in Spanish). 

Wickland, K.P., Striegl, R.G., Mast, M.A. & Clow, 

D.W. (2001) Carbon gas exchange at a southern 

Rocky Mountain wetland, 1996–1998. Global 

Biogeochemical Cycles, 15, 321–335.  

Wilson, D., Blain, D., Couwenberg, J., Evans, C.D., 

Murdiyarso, D., Page, S., Renou-Wilson, F., 

Rieley, J., Sirin, A., Strack, M. & Tuittila, E-S. 

(2016) Greenhouse gas emission factors 

associated with rewetting of organic soils. Mires 

and Peat, 17(04), 1–28. 

Young, K.R. (2009) Andean land use and 

biodiversity: humanized landscapes in a time of 

change. Annals of Missouri Botanical Garden, 96, 

492–507. 

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W. & 

Hunt, S.J. (2010) Global peatland dynamics since 

the last Glacial Maximum. Geophysical Research 

Letters, 37, L13402, doi:10.1029/2010GL043584. 

 

 

Submitted 07 Apr 2017, final revision 19 Sep 2017 

Editor: David Wilson 
_______________________________________________________________________________________ 

 

Author for correspondence:  

María Elisa Sánchez, School of Forest Resources and Environmental Science, Michigan Technological 

University, 1400 Townsend Dr, Houghton, MI 49931, USA.   E-mail: msanchez@mtu.edu 


