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Abstract:
A significant amount of the global terrestrial biomass is found in tropical forests, and soil respiration is a
vital part of its carbon cycling. However, data on soil trace gas flux rates in the tropics are sparse,
especially from previously disturbed regions. To expand the database on carbon cycling in the tropics,
this study examined soil flux rate and its variability for CO2 and CH4 in a secondary premontane wet
forest south of Arenal Volcano in Costa Rica. Data were collected over a six-week period in June and
July 2011 during the transition from dry to wet season. Trace gas sampling was performed at three sites of
different elevation. The soil is of volcanic origin with a low bulk density, likely an Andisol. An average
KCl pH of 4.8 indicates exchangeable aluminum is present, and a NaF pH>11 indicates the soil is
dominated by short-range order minerals. Ten-inch diameter PVC rings were used as static flux chambers
without soil collars. To find soil CO2 efflux rates, a battery-powered LICOR 840A CO2-H2O Gas
Analyzer was used to take measurements in the field, logging CO2 concentration every ten seconds.
Additionally, six, 10-mL Nylon syringes were filled with gas samples at 0, 1, 7, 14, 21, and 28 minutes
after closing the chambers. These samples were analyzed the same day with a SRI 8610 Gas
Chromatograph for concentrations of CO2 and CH4. The average CO2 efflux calculated was 1.7±0.8E-2
g/m2/min, and did not differ between the applied analytical methods. It depended strongly on soil
moisture, with decreasing efflux rates at higher water-filled pore space values. An annual soil respiration
rate of 8.5E3 g/m2/yr was estimated by applying the observed relationship between soil moisture and CO2
efflux to annual soil moisture measurements. The relatively high respiration rates could be caused by the
high soil moisture and low soil bulk density, providing optimal conditions for microbial respiration.
Several diurnal sampling periods at one site showed that respiration was highest in the early evening,
possibly caused by increased root respiration lagging daytime photosynthesis. Measured average CH4 flux
was -7.9±6.2E-6 g/m2/min, similar to literature values; its variability was high with no temperature or soil
moisture dependence discernible. However, calculated rates show that the forest was a net sink for
methane, indicating that the soils were sufficiently well-drained despite high precipitation. Future
measurements in this NSF-REU program will evaluate the role of water and of root respiration in more
detail, and will also incorporate sub-canopy and boundary layer gradient measurements to investigate
other aspects of the carbon cycle in this environment.
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Introduction:
The importance of tropical forests in the global carbon budget has clearly been
established. Tropical forests are the greatest global source of net primary production (IPCC,
2001) and contain up to 40% of global terrestrial biomass carbon (Field et al., 1998). The net
carbon budget is a balance between carbon acquisition (photosynthesis and biomass
accumulation), and release. The single largest component of carbon loss is soil respiration, which
accounts for 40-70% of total respiration (Kosugi et al., 2007). It is therefore important to
quantify the variability in soil gas flux in the tropics, and to evaluate the relationship between
soil efflux and environmental variables that control flux, to enhance our understanding of the
global carbon budget and how the balance might respond to global climate change.
This study examined soil gas flux for CO2, CH4, and CO. Carbon dioxide is perhaps the
most important gas, because tropical forests are the largest natural source of CO2 (Raich and
Schlesinger, 1992). Methane exchange between the soil and atmosphere is harder to characterize,
because moist tropical soils can act as both a source and a sink of CH4 (Keller et al., 1990).
Methane consumption is greatest in well-drained soils, while production occurs in organic-rich,
poorly-drained soils (Reiners et al., 1998). Relatively little is known about soil consumption of
CO, although soil is considered an important sink of atmospheric CO (King, 1999).
Soil respiration, or CO2 efflux from the soil surface, is produced by root respiration,
microbial activity from consumption of soil organic matter and forest litter, and from chemical
oxidation of carbon in the soil (Raich and Schlesinger, 1992). These factors are controlled by
environmental conditions including soil temperature, air temperature, water content, and
photosynthetically active radiation, all of which vary spatially, seasonally, and diurnally. Many
studies show that soil temperature and soil moisture are the most important factors controlling
soil respiration, however the two variables often co-vary, making it difficult to separate the
effects of each variable on soil respiration. While soil temperature plays a greater role than soil
moisture in predicting soil respiration in temperate regions, soil moisture is a more effective
index to estimate variation in soil respiration rate for tropical soils, because soil temperature
remains relatively constant (Kosugi et al., 2007). Soil respiration rates in the tropics are also
difficult to quantify due to the high spatial variation. Soil respiration rate may vary spatially by
up to 100% at locations only 0.5-1m apart (Nakayama, 1990; Kosugi et al., 2007).
The objectives of this study were to: (1) quantify soil gas flux (CO2, CH4, CO) in a
transitional cloud forest, (2) identify the variability in gas flux as a function of soil moisture, and
(3) investigate the contribution of forest litter to total gas flux in tropical rainforest soils. Soil gas
respiration rates were measured for CO2 and CH4 at 3 sites with varying soil properties and
elevations during the transition from dry to wet season in Costa Rica.
Study Area:
Research was conducted in a premontane wet forest located on the eastern-facing slope of
the Cordillera Central Mountain Range, in northeastern Costa Rica (10°22’ N, 84°37’ W). The
sampling area shares its northeastern border with Monteverde protected forest. The area is
believed to have been selectively harvested, but is currently reserved for research and
educational purposes.
The soil of the region is volcanic in origin. As a result, the soil is acidic, with an average pH of
4.8 indicating the presence of exchangeable aluminum cations (USDA 2011). Soil texture is a
sandy clay. A thin leaf litter layer covers a thin organic horizon, which overlays a 3-10m thick
clay layer. Average annual rain fall in the area is above 4200 mm/yr (or an average of 350
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mm/month). April is the driest month, while July is the wettest. During the sampling period,
average rainfall was 507 mm/month, and average air temperature was 25°C.
Methods:
Sites:
Three sites at varying elevations (see fig. 1) were sampled approximately twice weekly
for 6 weeks during the transition from wet to dry season. All sampling sites were located subcanopy, immediately adjacent to a weather station equipped with a soil moisture probe,
thermometer, precipitation tipping bucket, leaf-wetness detector, and a barometer. Sites 1 and 2
are believed to have been selectively harvested for valuable hardwoods, whereas site 3 borders
Monteverde protected forest and may not have been logged.

Figure 1. Map of sampling locations with elevation, and property trails/boundaries at the Soltis Center for Research
and Education. All sites were sub-canopy.

Chamber Measurements:
Static gas chambers were used for soil trace gas flux measurements. Chambers were
typically sampled between 8 and 11 am, before afternoon precipitation began. Chambers were
constructed of PVC rings, 10 inches in diameter with removable plexi-glass lids. Air was
circulated within the chamber by a battery operated fan attached to the lid. A septum in the lid
acted as a vent to prevent pressure differences between chamber and atmosphere. At least three
chambers were deployed per site, and were moved within an approximately 20x20 m2 area
during sampling. Syringes filled with gas from the chamber were analyzed for CO2, CO, and
CH4 gasses with a SRI 8610 Gas Chromatograph. Additional carbon dioxide measurements were
taken from chambers in the field with a LI-COR 840A CO2-H2O Gas Analyzer. The procedures
for both methods are outlined below:
- LI-COR 840A CO2-H2O Gas Analyzer (CO2)
•6-8 chambers per site per day
· Air was circulated through the instrument via a battery operated pump.
•Sampling lasted 5 minutes each
•CO2 concentrations were recorded with HOBO data logger every 10 seconds
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· CO2 flux was calculated from a linear regression of [CO2] in the chamber over
time; the coefficient of determination (R2) for the regression was typically above
0.99
•Several leaf litter vs. no leaf litter chambers were done at all sites to examine
components of flux
•In late July, diurnal measurements (pre-dawn [5am], daytime [8am-1pm],
evening [4-5pm], and night [7-10pm]) were taken over a 4-day period at sites 1
and 2
-SRI 8610 Gas Chromatograph (CO2, CH4, and CO)
•10 mL syringes filled at 0, 1, 7, 14, 21, and 28 minutes (Keller and Reiners 1994)
after chambers closed
•4 chambers per site per day
•To test CO uptake, chambers injected with 2 syringes of car exhaust, and
sampled in the following 75-minute period
•Samples analyzed using PeakSimple Data Analysis Program
Any green, photosynthesizing plants or litter material were removed from the chambers prior to
analysis. Soil temperature and soil moisture were measured at each chamber using a temperature
probe (top 5cm of soil) and FieldScout moisture probe (20cm depth) respectively.
Approximately 5% of data collected were lost due to instrument failure.
Moisture Exclusion Manipulation:
To achieve a wider range of soil moisture values, an attempt was made to prevent
through-fall from reaching the soil by suspending a tarp above the ground at site 2. A large blue
tarp was suspended about 1.5m above the ground with rope. The middle of the tarp was
supported by a small tree, so that tarp edges sloped downwards from the center to divert rainfall
to the edges of the tarp. A small 6in. trench was dug around the tarp to prevent surface runoff
from dampening in the ground under the tarp.
Soil Characteristics:
Three samples from each site were measured for soil pH and water filled pore space
(WFPS) to gain a better understanding of the driving forces behind variation in soil flux. Soil pH
has been shown to influence soil CO2 respiration; CO2 production increases when soil is acidic
and decreases when soil is basic (Kowalenko et al., 1978). Soil pH was measured with 1M
solutions of KCl and NaF using the procedure outlined by Reeuwijk (2002).
A known volume of soil was collected and analyzed gravimetrically for WFPS. Soil
samples were taken using 20 centimeters of pvc pipe (the same length as the moisture probe) and
a hammer in order to get a fixed volume of soil. Between 70 and 80 grams of each soil sample
were then dried in an oven for 24 to 36 hours at 70°C. The samples were again weighed after the
drying was completed. Soil bulk density (SBD) could then be calculated for the three different
samples at each site, using the equation:
!"#  !"#$  !"#$!!
𝑆𝐵𝐷 = !"#$  !"#$%& .
Volumetric water content (VWC) is calculated by dividing the water volume (M2) by the soil
volume (M1):
𝑀!
𝑉𝑊𝐶 =
𝑀!
The soil bulk density was then used in the calculation for percent WFPS:
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𝑊𝐹𝑃𝑆 % = (𝑉𝑊𝐶×100) ÷ (1 −

𝑆𝐵𝐷
)
2.65

Finally, WFPS values were compared with moisture probe readings from each soil sample
location.
Results and Discussion:
· Observed CO2 flux was slightly higher than literature values for similar tropical regions
· Averaged soil respiration values from different analysis methods (LICOR 840A CO2-H2O
analyzer and Gas Chromatograph) were within error of one another (table 1)
· Methane was taken up by soil rather than emitted during the wet season, indicating the study
site is a net CH4 sink (table 1)
· Carbon monoxide flux was higher than reported literature values
Table 1. Summary of averaged trace gas fluxes for each site, and for all sites combined, by sample method (LICOR
840A CO2-H2O analyzer and Gas Chromatograph). Also includes averaged volumetric water content.

Site 1

Site 2

Site 3

Average

CO2 Flux
(LICOR)

1.2±0.9E-2

2.1±0.7E-2

1.8±0.5E-2

1.7±0.8E-2

CO2 Flux
(GC)

9.92±9.8E-3

2.07±1.3E-2

1.95±0.95E-2

1.64±1.2E-2

CH4 Flux

-5.64±3.2E-6

-10.7±8.0E-6

-6.44±4.6E-6

-7.9±6.2E-6

VWC(%)

63.2±9.9

57.1±11.8

55.1±8.0

57.6±10.8

Carbon Dioxide Flux: Controls and Components
The average soil respiration rate for all sites, 1.64±0.8E-2 g/m2/min, was an order of
magnitude higher than the annual soil respiration rate reported by Raich and Sclesinger (1992),
and Schwendenmann et al. (2003), for similar Costa Rican rainforest soils. However, in tropical
regions, soil respiration rate is higher during the rainy season compared to the dry season
(Davidson et al., 2000). The observed soil flux is within error when compared to the average soil
respiration rate from three different studies of similar rainforest soils (14.9±6E-3 g/m2/min)
during a comparable wet season (Kosugi et al., 2007; Adachi et al., 2006; Adachi et al., 2005).
Carbon Dioxide Flux and Soil Moisture:
Soil moisture is an important factor that controls soil respiration rates (Luo and Zhou,
2006). Soil moisture influences respiration directly through physiological interactions with roots
and microorganism activity, and indirectly via soil gas diffusivity. In general, CO2 efflux is low
under dry conditions, reaches a maximum at some optimal moisture level, and decreases as high
moisture prevents gas diffusion and anaerobic conditions depress microbial activity (Luo and
Zhou, 2006).
Soil respiration rates were negatively correlated with soil moisture (fig. 2). The observed
correlation is most likely due to the decrease in soil gas diffusivity, causing inadequate oxygen
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supply to microorganisms, reducing microbe activity (Linn and Doran, 1984; Davidson, 1993;
Shuur, 2003). Although, Adachi et al. (2006) suggest that high soil moisture depresses soil
respiration by reducing root biomass and soil gas diffusion. A negative linear relationship
between soil respiration and moisture in tropical soils has previously been reported in the
literature for rainy-season flux measurements (Adachi et al., 2006; Kosugi et al., 2007; and
Schwendenmann et al., 2003).
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Figure 2. Negative relationship between volumetric water content (VWC) and carbon dioxide flux (R2=0.47). Each
point represents one static gas chamber analyzed with the LICOR 840A CO2-H2O analyzer. All flux measurements
shown were collected in the morning, between 9 and 11 AM. Linear trendline represents relationship for all points.

Studies of annual soil respiration measurements indicate that the temporal variation in
flux as a function of soil moisture is a parabolic, or curvilinear function (Schwendenmann et al.,
2003; Chambers et al., 2004). Soil respiration reaches a maximum around 0.35 cm3 cm-3 in
tropical soils (Chambers et al., 2004). This study is limited to only the rainy season, and the
observed linear relationship between soil moisture and respiration (fig. 2) indicates that the
sample period does not capture the complete annual soil moisture/respiration relationship.
Diurnal Changes in Soil Respiration:
The same environmental parameters that drive fluctuations in soil respiration spatially
and seasonally– including soil temperature, soil moisture, and photosynthetically active radiation
(PAR)– can also vary throughout a 24-hour period (Zimmermann et al., 2009). In very wet
systems, soil moisture buffers soil temperature, preventing large soil temperature variations
throughout the day. Therefore diurnal changes in carbon dioxide efflux are largely driven by
photosynthesis rather than soil temperature (Luo and Zhou 2006). Photosynthesis provides
carbon to sub-surface roots, and is correlated with soil respiration by a time delay of 7-12 hours
in Mediterranean climates (Tang et al., 2005). However, in a tropical forest the time delay could
be shorter.
At the study site, data from a weather tower adjacent to site 1 (but not sub-canopy),
shows solar radiation solar radiation formed a roughly parabolic curve throughout the day, with a
maximum around 11:30 am. Based upon the timing of the solar radiation maximum, if root
respiration were the dominant factor influencing diurnal variation in soil respiration, CO2 flux
should peak between 6:30 and 11:30 am, or possibly earlier. Soil respiration rates measured
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every 6-hours over a 3 day period show that respiration peaks between 4 and 5 pm (fig. 3), which
may be caused by a peak in root respiration.
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Figure 3. Diurnal fluctuations in carbon dioxide flux at Site 1 with error (standard deviation). Each flux value
represents averaged soil respiration values for VWC values between 22.8 and 33.8% collected during a 3-day
collection period. Soil respiration is highest in the evening, followed by night, early morning, and day.

Diurnal soil respiration is most likely controlled by a combination of root respiration, soil
moisture, and to some degree by soil temperature. The peak in soil respiration between 4 and
5pm correlates to maximum soil temperature based on 24-hr soil temperature measurements
from the open-air weather tower. This relationship may be significant, given that root respiration
increases exponentially with an increase in temperature (Burton et al., 1996). Furthermore,
findings by Zimmermann et al. (2009) suggest a partial correlation between diurnal soil surface
air temperature and soil respiration rate in a montane cloud forest. While our study did not
measure surface air temperature, which varied by 5°C in the study by Zimmermann et al. (2009),
diurnal variations in soil temperature (2°C) were comparable.
Average soil respiration values were taken from data collected between 8 and 11am, but
if respiration peaked in the early evening, then reported respiration values (table 1) may be an
underestimate of total soil respiration during the rainy season. Based upon fig. x, the estimate of
soil respiration during the day (8-11am) accounts for 83% of the total flux in a 24-hour period. If
the average flux reported in table 1 were corrected for 24-hour respiration variability, the average
soil respiration would be 20.2E-2 g/m2/min, instead of 16.8E-2 g/m2/min.
Leaf Litter Experiments:
Leaf litter on the forest floor acts as a carbon source for microbial respiration (Luo and
Zhou, 2006). Therefore, soil respiration increases with amount of litter (Luo and Zhou, 2006). A
small experiment measuring soil respiration for different litter masses yielded a strong positive
correlation (R2=0.8543) between litter mass and soil respiration (fig. 4).
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Figure 4. Soil respiration as a function of increasing litter mass; data collected at site 3

Zimmermann et al. (2009) estimated that litter accounted for 37% of total soil respiration for a
montane cloud forest in a 24-hour period. Averaging several litter vs no-litter static chambers
from each site, there was no significant difference between soil respiration before and after litter
was removed (fig. 5). There are several possible explanations: (1) the amount of soil respiration
derived from litter is so small that variations in flux before and after litter was removed are due
to experimental error, (2) litter causes conflicting responses, by simultaneously contributing to
soil respiration, while acting as a physical barrier to gas diffusion, and (3) when litter was
removed, the soil, along with microbes and fine roots, was disturbed and therefore results do not
accurately capture static chamber conditions. Given that Zimmermann et al. (2009) found that
litter contributed a significant amount to the total soil flux in a similar tropical forest, indicating
the physical barrier presented by the litter is most likely negligible compared to the total litter
flux, explanation 3 is the most likely cause for the insignificant relationship.
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Figure 5. Average soil respiration, by site, for static chambers with forest litter, and after forest litter was removed.
Based upon results, it is not possible to identify the component of soil respiration derived from forest litter.

Methane:
Methane consumption is greatest in well-drained soils, whereas production is greatest in
organic rich, waterlogged soils (Reiners et al., 1998). This particular forest soil was a net sink for
methane with an average uptake rate of -7.89±6.21×10-6 g/m2/min, indicating that the soils were
sufficiently well-drained. A study conducted by Hanson and Hanson (1996) found that
temperature is a controlling factor for methane flux because it influences the amount of microbial
activity that occurs within the soils. However, no relationship could be found between soil
temperature and methane flux. Soil temperatures did not vary during the six-week period of data
collection; the average temperature was 22.9±0.6°C. Additionally, methane is produced when
soil moisture is high because of anaerobic activity (Prather and Enhalt, 2001) although there was
no correlation found between methane flux and soil moisture.
The flux of this study indicates an uptake rate, suggesting that moisture was low enough
for soils to have aerobic activity. The calculated flux for value for this Costa Rican forest was
slightly higher than what was found in a similar study (Keller and Reiners, 1994). Sampling
occurred during the wet season and thus the flux value can only be applied to the wet season, not
for the year. Sanhueza (2007) found that higher uptake rates occur during the wet season.
Carbon Monoxide:
Carbon monoxide uptake by soils is an important part of the atmospheric CO budget but
is poorly understood (King, 1999). Data suggest that injecting car exhaust into a static chamber
is a cheap, and effective way to determine potential CO soil uptake rates (Figure 3). The CO
uptake generally follows an exponential trend. The observed deposition velocity at Site 2 was 1.9E-2 cm/s. The uptake rate was extremely high compared to values for other tropical forests
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(King, 1999). This can be explained by the very high concentrations of carbon monoxide
introduced into the chambers in order to achieve detectable concentrations (fig. 6).
Because of time restraints and complications with the necessary instruments, there was
only one successful CO chamber. Other attempts were made, but the high CO gradient between
either the chamber and the atmosphere or the syringes and the atmosphere likely caused the
diffusion of the collected gas samples.
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Figure 6. The carbon monoxide decline in the chamber after two exhaust injections at Site 2. Samples were
taken every thirty seconds for the first six minutes, then at five or ten minute intervals for the remainder of
the sampling period.

Moisture Exclusion Experiment:
While the ground surface under the tarp appeared dry by the end of the 6-week sampling
period, moisture measured by the soil moisture probe was not different compared to
measurements next to the tarp. While the tarp was effective at intercepting through-fall, the small
trench was most likely insufficient to prevent sub-surface water flow. For example, a larger-scale
moisture exclusion study by Sotta et al. (2007) used a much deeper 1m trench to reduce the
lateral flow of water.
	
  

Conclusion/Summary:
Trace gas flux rates were collected over a 6-week period. The carbon dioxide flux rate in
this study was slightly higher than previously reported values in similar studies. Additionally, a
strong negative relationship between CO2 respiration rates and soil moisture was established.
This relationship along with moisture measurements throughout the year were used to estimate

11	
  
	
  

annual carbon dioxide efflux rates for this particular forest. Over a 24-hour period, soil
respiration was highest during the evening, likely because of a combination of the effects of high
soil temperature, soil moisture, and root respiration. Other measurements found that forest litter
did not significantly contribute to the total soil respiration. Measurments also indicate that the
study area is a net sink for both methane and carbon monoxide. The calculated methane flux was
higher for this study than other values in a different Costa Rican rainforest.
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