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Metabolic Gas Emissions from Prairie Soil Containing Foraging Termites
CHARLES E. KONEMANN, B. M. KARD, TOM A. ROYER, and MARK. E. PAYTON
Department of Entomology and Plant Pathology, 127 Noble Research Center, Oklahoma State
University, Stillwater, OK 74078-3303 USA (CEK, BMK, TAR)
Department of Statistics, 301B Math Sciences Building, Oklahoma State University, Stillwater, OK 74078-1056 USA (MEP)
ABSTRACT Differences in subterranean termite metabolic gas emissions are readily observed in laboratory experiments.  
However, in natural field ecosystems a primary difficulty in measuring subterranean termite gases is non-homogeneous
distribution of foraging termites in soil.  Our field experiment was designed to aggregate foragers of the 'eastern subterranean
termite', Reticulitermes flavipes Kollar (EST), in one of four flux chamber configurations placed on a tallgrass prairie throughout
2014 and 2015.   We used differently configured flux chambers to measure metabolic gas emissions from soil with or without
foraging termites on The Joseph H. Williams Tallgrass Prairie Preserve (TGPP) in north-central Oklahoma. Foraging termites
aggregated in wood-filled flux chambers that were inserted into the topsoil, thereby producing significantly greater amounts of
carbon dioxide (CO2) and methane (CH4) during spring and summer months compared with termite exclusion control chambers.
Natural, non-disturbed soils emitted no CH4, but did emit significant amounts of CO2 compared with sterilized-soil control flux
chambers.  We found no significant differences among treatments during cold winter months when environmental factors were not
conducive to termite foraging.  Seasonal environmental factors such as soil moisture and temperature, and air temperature affected
gas emissions. Termites contributed to overall 'baseline' background metabolic gas emissions from TGPP soil.
KEY WORDS carbon dioxide, gas flux, methane, Reticulitermes flavipes, tallgrass prairie.
Globally, wood-eating subterranean termites inhabit
many ecosystems and are important recyclers of cellulose.
The 'eastern subterranean termite', Reticulitermes flavipes
(Kollar; EST), is a soil-dwelling eusocial insect found
across the United States east of the Rocky Mountains, with
its densest numbers populating subtropical regions of the
southern Gulf Coast (Grace et al. 1989). Southeast Oklahoma
is subtropical with the remainder of the state in the temperate
region (USDA 2006). Oklahoma contains four indigenous
subterranean termites including the EST and the 'arid-land
subterranean termite', R. tibialis Banks (ALST), the 'light
southeastern subterranean termite', R. hageni Banks (LSST),
and the 'dark southeastern subterranean termite', R. virginicus
Banks, with EST most prevalent (Smith et al. 2010). Although
Reticulitermes spp. are important economic structuredamaging pests, in nature they are beneficial primary reducerdecomposers of fallen trees and plants including grasses
and woody shrubs populating North American grasslands
(Stanton 1988, Su et al. 1993).  Foraging termites influence
soil aeration, fertility, texture, organic matter content, and
water retention. Similar to other soil-dwelling arthropods
like ants, termites act as soil engineers, altering soil physical
characteristics by tunneling and excavating soil and moving
it from lower soil horizons to the surface (Jouquet et al.
2006). These processes increase soil fertility, enhance water
percolation and soil water-holding capacity, and influence
rhizosphere nutrient cycling and root dynamics (Whiles and
Charlton 2006, Frouz and Jilkova 2008). Termite activities
in soil contribute to heterogeneity of both aerobic and
anaerobic soil microbes (Lavelle et al. 1992). Termites also

provide a food resource for numerous prairie animals, filling
another important role in ecosystem balance. They readily
recover from natural range fires that are initiated by lightning
strikes, or by man-made range improvement prescribedburn management practices. Within prairies and rangelands,
termites conduct several beneficial activities that improve the
overall health of their soil habitat.
Pierce and Sjogersten (2009) estimated that ~10% of
atmospheric CO2 emanates from soil. Globally, this is 10- to
15-times greater than CO2 produced by fossil fuels (Raich and
Potter 1995, Muñoz et al. 2010). Nutrient-rich prairie soils
in temperate regions of North America constitute an essential
source of CO2, nitrous oxide (N2O), and CH4 originating
from aerobic and anaerobic bacteria and deposited by soildwelling invertebrates such as earthworms and numerous
arthropods including termites (Panzer 2002, Smith et al.
2003, Hendrix et al. 2006). Microbial digestion of organic
matter produces large quantities of CO2 that diffuses into
the atmosphere from the soil surface-air interface (Kern and
Johnson 1993, Kuzyakov 2006).  Plants also directly affect
soil respiration through their root respiratory processes, and
indirectly by deposition of detritus within soil and on the soil
surface, creating ideal habitat for soil microbes (Knapp and
Seastedt 1986, Raich and Potter 1995, Raich and Tufekcioglu
2000).
Cook (1932) was first to postulate that a gas, which
he hypothesized was CH4, was produced by degradation
of cellulosic materials by symbiotic prokaryotes in the
termite hindgut. Termites in in the family Rhinotermitidae
depend on symbiotic protozoa and bacteria in their hindgut
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to aid digestion of cellulose (Inoue et al. 1997). Methane
is produced in the hindgut of termites by fermentation of
glucose as cellulose is decomposed by microorganisms.
The CO2 and H2 produced are further converted to CH4 and
acetate by anaerobic bacteria (Sugimoto et al. 1998). This
CH4 arises from processes of the methanogenic Archaea
that catalyze the reaction 4H2+CO2 → CH4+2H2O. Other
microbes are responsible for acetogenesis and catalyze the
reaction 4H2+2CO2 → CH3COOH+2H2O, also occurring
in the termite hindgut. This demonstrates that competition
occurs for the same H2 molecules required for both reactions,
and that feeding habits of termites determine the metabolic
pathway where H2 is utilized most (Leadbetter and Breznak
1996). These processes in wood-feeding termites such
as EST primarily produce acetate. However, CH4 is also
produced during fermentation in their hindgut (Brauman et
al. 1992). While CO2 is primarily produced through aerobic
respiration, measurable amounts are also produced through
digestion (Brauman et al. 1992).
Our primary objective was to determine the contribution
of EST-produced metabolic gases CO2 and CH4 to total
normal background gas flux emanating from soil on The
Joseph H. Williams Tallgrass Prairie Preserve (TGPP).
Our second objective was to determine the influence that
the environmental conditions air and soil temperature, soil
moisture, and relative humidity have on EST and soil gas
emissions. The EST was chosen for this experiment because
little is known about the impact of its metabolic gases on
CO2 and CH4 flux from native grassland soils.  In addition,
although there are multiple Reticulitermes species within the
TGPP, only EST was found within test plots.
STUDY AREA
The TGPP in Osage County, northeastern Oklahoma,
consists of natural rolling prairie that is owned and managed
by The Nature Conservancy. The historic 11,800-ha Barnard
Ranch cornerstone property was purchased by The Nature
Conservancy in late 1989. Additional adjoining properties
were subsequently purchased to bring the preserve to its current
16,046 ha (Hamilton 2007). The TGPP lies between 36°42.1'
and 36º54.3' N latitude and 96º15.8' and 96º29.5' W longitude
and encompasses a variety of grassland, forest cross-timbers,
riparian wetland, and limited disturbed habitats.   Identified
flora consists of 763 species in 411 genera and 109 families
with 12% of these species being non-native to Oklahoma
(Hamilton 2007, Palmer 2007). Native plants make up 90%
of all flora on Oklahoma open prairies, dominated by big
bluestem (Andropogon gerardii), Indian grass (Sorghastrum
nutans), tall dropseed (Sporobolus compositus), switchgrass
(Panicum virgatum), and little bluestem (Schizachyrium
scoparium) (Palmer 2007). A linear band of mixed hardwood
forest cross-timbers, originating in Kansas and ending in
Texas, runs north-to-south across eastern TGPP and consists

primarily of post oak (Quercus stellata) and blackjack oak
(Q. marilandica). Riparian areas bordering several streams
are characterized by a diverse assortment of xeric hardwoods
(Palmer 2007). Grasslands of the TGPP are subjected to biannual prescribed patch burning to help control invasive plant
species in grazed and non-grazed areas (Hamilton 2007).
The TGPP is home to the EST and LSST, both found
within open prairie and adjacent cross-timbers forest. Smith
et al. (2012) estimated that foraging population numbers for
individual EST colonies on the TGPP ranged from 103,193
± 7,081 to 422,780 ± 19,297 individuals, and from 44,170
± 4,879 to 207,141 ± 9,190 individuals per LSST colony.
Brown et al. (2008) estimated EST foraging populations of
10,000 to 180,000 individual termites on TGPP grassland
proper, with estimated foraging territories ranging from 9.0
to 92.3 m2 of prairie surface.
METHODS
Experimental Design
We conducted our study on a non-grazing area known as the
Hill Pen site, which is subject to bi-annual prescribed burning
with the most recent burn conducted during May 2015. This
site is part of the TGPP proper, and is representative of the
prairie as a whole based on abundance and diversity of native
grasses. We determined CO2 and CH4 flux measurements and
termite foraging numbers in flux chambers over two growing
seasons starting May 2014 and continuing through December
2015. We utilized a 'checkerboard' grid layout with nine
horizontal and nine vertical rows containing 81 perpendicular
interior line intersections, 3.0 m on center. Each intersection
of two lines represented one possible flux chamber location
point, of which 40 were used.  Ten flux chambers for each of
four different treatments were individually assigned to one
of the 81 line intersections for randomized complete block
model analysis.
Flux Chambers
Flux chambers were modified from Parkin and Venterea
(2010) and constructed from 3.78-L cylindrical metal paint
cans measuring 18.8-cm tall × 16.0-cm diameter, with an
epoxy coating on the interior surfaces to prevent corrosion.
We removed chamber bottoms to allow for influx of gases
emanating from the soil.   Lids were modified to include a
self-sealing rubber sampling septum as described by Mehra
et al. (2013).  This configuration allowed for chamber interior
atmosphere sampling, and accommodated a vent tube to
prevent interior air pressure build-up when the lid was in
place while allowing for increase in interior CO2 and CH4
concentrations (Parkin and Venterea 2010). We installed
a sampling septum by punching a 1.97-cm-diameter hole
in each lid and inserting a 2.0-cm-diameter rubber septum
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(Hutchinson and Livingston 2001, Butnor et al. 2005,
Livingston et al. 2006), and constructed a vent tube using
0.95-cm outside diameter (0.63-cm inside diameter) flexible
copper tubing inserted through the lid and sealed using
a 0.95-cm-diameter bulkhead-fitting rubber O-ring.   The
copper tubing was cut to 15.2-cm length and bent to form a
double-curved 'C' shape in a manner to allow insertion into
al. • Gas
from
Termites
Soil
theKonemann
bulkheadetfitting
andEmissions
through the
O-ring,
andand
also
position
the open ends approximately 5-mm above and below the lid
701 surfaces (Fig. 1).
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Treatment D flux chambers were filled with wooden boards
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Figure 1. Flux chamber containing wooden boards (Fig. 1.1; Treatment A) or native non-sterilized soil (Fig. 1.2; Treatment B).

716 *A=Vent tube; B=Bulkhead fitting; C=septum; D=lid; E=Head space; F=In-ground portion-wooden boards (1.1), or non-sterilized native
Cut-away views for demonstration. Stainless-steel-mesh-wrapped flux chamber exclusion control with mesh-wrapped open bottom
717
soil (1.2), 12-cm depth; G= Stainless-steel-mesh termite exclusion barrier (1.3).

(Fig. 1.3; Treatments C and D). Treatment C contains wooden boards; Treatment D contains sterilized soil.

718 *A=Vent tube; B=Bulkhead fitting; C=septum; D=lid; E=Head space; F=In-ground portion-wooden boards (1.1), or non-sterilized
719 native soil (1.2), 12-cm depth; G= Stainless-steel-mesh termite exclusion barrier (1.3).
720 (Patents pending. Photographs © C. E. Konemann and B. M. Kard)
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Figure 1.

Treatments
We assembled and installed four different flux chamber
configurations: (1) Wooden-board- filled flux chamber with
the bottom cut off and open to the soil, and therefore accessible
to foraging termites (Fig. 1.1; Treatment A). This treatment
facilitates aggregation of foraging termites at relatively high
population densities within the chamber, enabling us to more
readily detect and quantify their CO2 and CH4 output; (2)
Flux chamber half-full of non-sterilized native soil with the
bottom open to foraging subterranean termites and other soil
organisms. We designed this treatment to monitor normal
background CO2 and CH4 produced by naturally occurring
soil-dwelling organisms, including termites and plant roots
(Fig. 1.2; Treatment B); (3) Sterilized soil termite-exclusion
flux chamber control treatment.  These flux chamber control
treatments containing sterilized soil were protected from

present and feeding on wood (Fig. 1.3; Treatment D).
Treatments C and D utilized stainless steel mesh screen that
encased the flux chamber open bottom to exclude termites,
plant roots, and other soil-borne arthropods and animals from
access to sterilized soil or wooden boards inside, respectively.
Treatment A flux chambers contained 13 wooden
boards aligned and stacked together lengthwise, with each
board separated by a non-sterile 12-cm-long wooden
tongue depressor to create open space between boards to
accommodate foraging termites. Boards were 12-cm tall to
allow for consistent open headspace gas sampling volume.
We trimmed each group of boards to an octagon shape,
ensuring a tight fit within the chamber (Fig. 1.1; Treatment
A). For Treatment B we minimized soil disturbance by
tracing the bottom edge of the cylindrical chamber onto
the soil surface, and then cutting a 12-cm-deep circular slit
into the soil along the trace with a serrated-edge trowel. We
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then inserted the empty flux chamber into the slit by gently
tapping on the chamber top edge with a rubber mallet until the
chamber bottom edge reached 12-cm deep.  We then firmly
packed the soil against both the interior and exterior walls of
the chamber at the soil surface-wall interface to create a tight
seal. The open bottom allowed plant roots and soil-borne
arthropods, including termites, access to the flux chamber
interior (Fig. 1.2; Treatment B)
Sterilized-soil chambers were similarly inserted into the
topsoil to a 12-cm depth. The enclosed sterilized soil was
cut flat across the bottom of the chamber, creating a 12-cmdeep soil core (Fig. 1.3; Treatment C). We then wrapped the
bottom of these chambers with stainless steel mesh, sterilized
the chamber in an autoclave for one hour, and then re-inserted
these chambers into their original 12-cm-deep hole within the
grid. Treatments C and D termite exclusion chambers were
constructed identically to Treatment A, but with stainless
steel mesh wrap added.
Gas Sampling
Methods for sampling and storing collected gases
were modified from Rochette and Bertrand (2003).   Glass
containers used for holding extracted gas samples consisted
of a 20-ml crimp-top collection vial sealed with a 20-mm
grey butyl septum and 20-mm aluminum crimp ring seal
(ThermoScientific, Rockwood, TN; parts #60180-506,
#60180-744, #500-334).  A grey butyl septum was placed on
each vial, followed by the aluminum crimp ring seal using
a manual crimping tool (ThermoScientific; part #C4020100). We evacuated collection vials for 30-sec using a Welch
Duo-Seal® vacuum pump (Sargent-Welch Scientific Co.,
Skokie, IL.   Model #1405) and then used each evacuated
vial in conjunction with a two-way, dual-point Vacutainer®
EclipseTM blood collection needle (Daigger Scientific,
Vernon Hills, IL; product #EF2392B) attached to a modified
50-ml conical centrifuge tube that held the vial. We inserted
the longest needle of the dual-point needle through the flux
chamber septum, with the shorter needle covered by a butyl
rubber sheath pointing upward. The shorter-needle sheath
allowed us to insert the long needle through the septum and
into the flux chamber without venting internal chamber gases.  
The short needle sheath separates away from the needle as it
is inserted through the collection vial rubber septum, allowing
the pre-evacuated, negative pressure to automatically draw
air from inside the flux chamber.   The short needle sheath
reseals when the vial is removed from the holder.
Gas Flux Determination.—We collected the first group
of gas samples one month after initial field placement of
flux chambers by extracting gas samples from each chamber
in sequence at 0-, 30-, and 60-min timed intervals. We
emplaced and sealed chamber lids just prior to sampling so
that CO2 and CH4 were at ambient concentrations (~375 ppm
CO2; ~1.75 ppm CH4) inside each chamber at the start of gas
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extractions. Time-0 samples were taken immediately after
the lid was placed on top of the flux chamber, followed by
time 30- and 60-min samples (Parkin and Venterea 2010,
Mosier et al. 2006). This created three time points required
to calculate gas flux (Parkin and Venterea 2010).   To help
prevent gas concentration build-up inside the chamber due to
heat, we took gas samples during early morning (0630 hours
through 0930 hours) between May and October. During cold
weather months of November through April, heat build-up
was not a contributing factor. However, to stay consistent
with warmer months we extracted gas samples during the
same morning hours. We returned crimp-top sampling vials
to the laboratory within 24 hrs, where their air samples were
analyzed using gas chromatography (GC). However, due
to GC usage scheduling, on rare occasions samples were
analyzed 48- to 72-hrs after extraction. In these instances
we stored gas samples in the collection vials at 2° C prior
to analysis to prevent potential degradation (Rochette and
Bertrand 2003).
Gas Chromatography.—For gas analyses, we used a
Varian® 450 GC that incorporated a thermal conductivity
detector (TCD) for CO2 and a flame ionization detector (FID)
for CH4. Gases were separated by an 80/100-mesh-packed
column (Mosier et al. 2006, Parkin and Venterea 2010). The
GC is interfaced with a Dell OptiPlex desktop computer with
Windows XP® Office operating system.  Varian Galaxie® data
collection software controls all GC functions including run
time, and injector, oven, and detector temperatures, as well as
integrating data and automatically calculating CO2 and CH4
ppm (mg•kg-1). We set the injector temperature at 135° C,
the TCD at 120° C, and the FID at 300° C. Samples were
analyzed using an isothermal oven temperature program
at 50° C for 7.0-min followed by 1.0-min stabilizing time,
totaling 8.0 min. A 5.0-ml air sample from each vial was
injected into the GC for analysis.
Flux Analyses.—Chromatograph analyses provided
defined areas under CO2 and CH4 target peaks. Dividing
the area under the target peak by the area under the standard
peak provided a percentage measurement of the target peak
in ppm.  Linear regression determined slope, which defines
change in gas concentration over time (0 min; 30 min; 60
min). We used the changes in gas concentrations for each
treatment in our statistical analyses to compare control
chamber gas emissions with gases produced by termites and
soil combined.
Termite Numbers
After we completed gas collections, Treatment A chambers
that contained foraging termites were removed intact and
replaced with new chambers containing fresh wooden
boards. We transported removed chambers to the laboratory
where the termites were identified to species and counted for
correlation analysis.  After quantification and approximately
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seven days in the laboratory, we returned the termites to the
TGPP and placed them into the new chamber that was located
in the exact spot from where they were removed.

in activity are accompanied with reduced respiration from
living soil, resulting in less gas flux (Table 1; Figs. 2, 3).
For the seven individual sampling events from May
through October 2014 plus May through July 2015, Treatment
Environmental Conditions
A flux chambers containing foraging termites accumulated
~43% greater total CO2 concentrations compared with
We chose the experimental site in close proximity (~274
Treatment B natural soil flux chambers with open bottoms.  
m) to an Oklahoma Mesonet weather station that continuously
This demonstrates that by aggregating termites in wood-filled
measures atmospheric and soil conditions. Air temperature,
chambers, quantitative information about their contribution
relative humidity, soil temperature and moisture, and rainfall
to gas flux from soil can be determined.  For the same seven
were recorded at five-minute intervals and stored in theKonemannsampling
events,
Treatments
A and Band
combined
accumulated
et al. • Gas
Emissions
from Termites
Soil
Mesonet data base. These data were then used to correlate
~503% greater CO2 total concentrations compared with
overall gas emissions compared with environmental
Treatments C and D controls combined. These accumulated
664
Table
SLICE option
analyses
evaluation
of differences
conditions.
totals1.represent
the seven
sampling
events
only, and between
do not
Data Analyses

665

gas emissions from soil among four flux chamber treatments

666

during
2014
2015.
between
gasandemissions
from soil among four flux chamber

Table 1.   SLICE option analyses evaluation of differences

We analyzed CO2 and CH4 determinations with standard
667 as
analysis of variance procedures (PROC MIXED) as well
668and
Pearson's correlation analysis (PROC CORR, P ≤ 0.05),
669
compared the four treatments for each of the 12 sampling
670
months for CO2 and CH4 using the SLICE option test-of671
effects analysis (Winer et al. 1991; SAS 2016).  A randomized
672
complete block model with repeated measures was utilized,
673
with 'replicate' as the blocking factor, 'treatment' as the main
unit factor, and the 'combination of month and year' 674
as the
repeated measures factor.  Simple effects of treatment given
675
month and year were estimated and tested by least-squaremeans.   Correlation analysis was used to compare effects
676
of soil moisture, soil temperature, relative humidity, and air
temperature on gas emissions from soil and termites, and
677also
to evaluate any relationship between termite numbers and
metabolic gas emissions.
678
RESULTS
Gas Sampling

treatments during 2014 and 2015.

679
680
681

Our results show that gas production from termites and
soil varies seasonally as indicated by SLICE analysis
682that
compared the four treatments for each month (Table 1).
683 in
There were no significant differences among treatments
CO2 or CH4 flux during December 2014, or January, March,
684
and November 2015, or in CH4 flux alone during October
685
2014 and September 2015.  However, there were significant
differences among treatments for both CO2 and CH686
flux
4
during May, June, July, and August 2014, and also during
687
May and July 2015, and for CO2 flux alone during May,
688
July, and September 2015. Therefore, our measurements
demonstrate that over two growing seasons, gas flux689
from
soil decreased during relatively cold months compared with
690
warmer spring and summer months. During winter months,
691less
termite activity is expected to decrease along with
692
activity of other soil animals and microbes. These decreases
693

Month

Year

May

2014

June

2014

July

2014

August

2014

October

2014

December

2014

January

2015

March

2015

May

2015

July

2015

September

2015

November

2015

Gas

F-Value

df

P-Value1

CO2

2.66

3,430

<0.001

CH4
CO2

0.07
40.19

3,431
3,267

<0.001
<0.001

CH4
CO2

73.65
40.98

3,299
3,422

<0.001
<0.001

CH4
CO2

8.47
56.71

3,428
3,267

<0.001
<0.001

CH4

24.82

3,299

<0.001

CO2

19.50

3,430

<0.001

CH4

16.66

3,431

0.38

CO2

5.33

3,410

0.83

CH4

0.53

3,426

1.00

CO2

6.30

3,408

0.18

CH4

1.04

3,426

1.00

CO2

0.65

3,408

0.24

CH4

0.00

3,426

0.99

CO2

2.20

3,408

<0.001

CH4

0.00

3,426

<0.001

CO2

0.20

3,408

<0.001

CH4

0.0

3,426

<0.001

CO2

5.33

3,410

<0.001

CH4

0.53

3,426

<0.001

CO2

5.33

3,410

0.42

CH4

0.53

3,426

1.00

No significant differences among the winter months (n = 12;

1

1

No
differences
among
the2006).
winter months (n = 12;
P significant
> 0.05. PROC
MIXED;
SAS

P > 0.05. PROC MIXED; SAS 2006).
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723
724
725
726
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represent CO2 accumulations over the entire study period.
When individually comparing each of the seven sampling
events, CO2 ppm for Treatment B ranged from ~2 to ~40%
Konemann
et al.
• Gas
Emissions
from Termites
and Soil
of the greater
ppm
amounts
for Treatment
A. There
were no
significant differences in CO2 flux between the four chamber
configurations during December 2014, or January, March, or

Treatment B, C, or D flux chambers, whereas relative humidity
had no strong influence on CO2 or CH4 concentrations in
any of the four chamber configurations.  For Treatments A,
34
B, C and D, CO2 emissions
were moderately-to-strongly
affected by the same three environmental factors as for
CH4, except that soil moisture had no strong effect on CO2

727

730
643
731
644
732
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CO2 ppm*

729

[CO2]

30

Figure 1. Flux chamber containing wooden boards (Fig. 1.1; Treatment A) or native
non-sterilized soil (Fig. 1.2; Treatment B). Cut-away views for demonstration.

645
733

Stainless-steel-mesh-wrapped flux chamber exclusion control with mesh-wrapped open bottom

646
734

(Fig. 1.3; Treatments C and D). Treatment C contains wooden boards; Treatment D contains

647
735

sterilized soil. (Patents pending. Photographs © C. E. Konemann and B. M. Kard)

Termite Number

a

728

648
736
649
Figure 2. CO2 concentrations within2014
each of four flux chamber configurations measured 2015
over
2015
737
738
650 Figure
two growing
and thewithin
number
of forging
aggregated
inside wood-containing
2. CO2seasons,
concentrations
each
of four termites
flux chamber
configurations
measured over two growing seasons, and the number
739
*Means
each
month with
the same
letter are notTreatment
significantly
different (P
= 0.05). Months
not each
compared
of
forgingwithin
termites
aggregated
inside
wood-containing
A chambers.
*Mean±SE.
Meansare
within
monthwith
witheach
the other.
same
740
651 letter
Treatment
A
chambers.
*Mean±SE.
are not significantly different (P = 0.05). Months are not compared with each other.
741
652
Fig. 2. Legend
742
653
= Trt A–boards
= Trt B–native soil
= Trt C–sterilized soil control
743
744
Figure 2.
654
= Trt D–boards exclusion control
655

Termite Number

656
or CH4 flux from Treatment D (enclosed wooden boards;
November 2015, relatively cold months (P ≤ 0.05; Fig. 2).
657
Figure
3. CH4for
concentrations
each
of trends
four flux
chamber
over
similar
flux
over
the configurations
Table 2).measured
Similarly,
soil temperature and moisture as well
Our results
CH4 showedwithin
study period. Overall, Treatment A produced the greatest
as air temperature correlated with CO2 emissions from open658
two growing seasons, and the number of forging termites aggregated inside wood-containing
concentrations of CH4 during warm months compared with
bottom flux chambers (Treatment B) inserted into non-sterile
the
other
chamber
configurations.  There
was
relatively
little
native soil, but these three factors did not correlate with CH4
659
Treatment A chambers. *Mean±SE.
difference in CH4 flux from Treatments B, C, and D during
concentrations in Treatments B, C, or D. Air temperatures on
study.
However, Treatment A CH4 flux was not different
the TGPP during spring and summer months ranged from 16.0
660 the
Fig.
3. Legend
from Treatments B, C, or D during the winter months when
to 27.9° C, whereas topsoil temperatures varied from 16.6 to
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Termite Number

containing sterilized soil or wooden boards were not strongly
correlated with air temperature or relative humidity. However,
CO2 emissions were correlated with soil temperature for both
control chamber configurations.   Overall, relative humidity
did not strongly correlate with gas emissions from soil (Table
2).
Termite Numbers
Termite numbers in wood-filled flux chambers (Treatment
A) were positively correlated with CO2 and CH4 concentration
measurements throughout the study. As termite numbers
fluctuated, CO2 and CH4 emissions increased or decreased
correspondingly (P = 0.007, r = 0.73, Fig 2; P < 0.0001, r
= 0.92, Fig. 3). Maximum termite counts within Treatment
A chambers ranged from high of ~1,200 to 1,600 worker
caste individuals during May to no foraging termites present
during December and January.   These fluctuations can be
attributed to sub-freezing topsoil temperatures during winter
months that forced termites to tunnel down to deeper, warmer
soil horizons (Figs. 2, 3).

Gas Emission Measurements
Figures 2 and 3 provide flux values for twelve extraction
events for CO2 and CH4 over 19 months.  Wood-filled flux
chambers containing active termites produced their greatest
amounts of CO2 from May through August 2014 and from
May through July 2015 (P < 0.0001). The same general
trends occurred for CH4 emissions. Flux chambers open to
the soil and containing wooden boards with actively foraging
termites produced two-to-three times greater CO2 and twoto-five times greater CH4 during peak months compared
with the other three flux chamber configurations (Figs. 2,
3). Carbon dioxide emissions from termite-active chambers
(Treatment A) during May were greatest compared with all
other treatments and months (P < 0.0001). Termite-active
chambers and non-sterile native-soil chambers (Treatment
B) produced two-to-four times greater CO2 and CH4 during
warm months compared with sterilized-soil termite exclusion
controls (Treatment C) and wooden-board termite exclusion
controls (Treatment D) during the same months. Carbon
dioxide and CH4 emissions from Treatment A were ~100 to
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2.  Correlation coefficient evaluation of effects of environmental conditions on CO2 and CH4 gas emissions from soil among
696Tablegas
emissions from soil among four flux chamber treatments during 2014 and 2015.
four flux chamber treatments during 2014 and 2015.

Environmental Factors1

Treatment

Soil

Air

Soil

Relative

Temperature

Temperature

Moisture

Humidity

CO2

CO2

CH4

CH4

CO2

CH4

CO2

CH4

Treatment A
P

0.06

0.01

0.02

0.01

0.03

0.02

0.08

0.11

r

0.55

0.69

0.66

0.74

0.62

0.65

0.53

0.48

P

0.01

0.26

0.001

0.34

0.03

0.87

0.08

0.08

r

0.72

0.36

0.82

0.30

0.61

–0.05

0.53

0.12

P

0.04

0.36

0.08

0.31

0.01

0.38

0.07

0.29

r

0.60

0.29

0.54

0.32

0.97

0.22

0.54

0.36

P

0.03

0.36

0.08

0.32

0.35

0.22

0.19

0.36

r

0.62

0.29

0.53

0.31

0.30

0.38

0.40

0.29

0.66
Treatment B

Treatment C

Treatment D

6971Significant P-values indicate a direct correlation between the environmental factor and CO and CH emissions from soil among
2
4
698four 1flux
Significant
P-values indicate
correlation
between
the environmental factor and CO2 and
chamber configurations
(n = 12; aP direct
≤ 0.05.  PROC
CORR;
SAS 2006).
500% greater compared with native non-sterile-soil plots,

months, Treatment A chambers contained ~150 to 200%

699as wellCH
emissions
from soil
among four
chamber configurations
(n = 12; Pduring
≤ 0.05.
CORR;
as 4both
termite-excluded
sterile-soil
plots flux
and wood
greater CH concentrations
MayPROC
compared
with June,
provisioned plots, during May, June, July, and August 2014
700and May
SAS
. (P < 0.0001; Figs. 2, 3).
and2006
July )2015
There were no significant differences in CO2 and CH4
concentrations among the four treatments during December
2014, and January, March, or November of 2015 (P ≥ 0.18;
Figs. 2, 3).   These results demonstrate that significantly
reduced soil respiration occurs during colder months. In
addition, when all treatments were compared across 19

4

July, and August (Fig. 3).
DISCUSSION

Termite metabolic gas production has been measured
in laboratory experiments and shown to be population size
dependent (Zimmerman et al. 1982, Konemann et al. 2017).
However, limited information is available that specifically
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addresses subterranean termite gas emissions within natural
field ecosystems, especially on native tallgrass prairie
(Konemann et al. 2016).   A major difficulty in obtaining
detailed consistent information on gas emissions in the field is
the heterogeneous distribution of foraging termites in the soil,
which is affected by vegetation and soil conditions (Sands
1965, Howard et al. 1982). Studying termite metabolic gases
requires direct measurements in natural settings to estimate
their impact within the soil matrix atmosphere (Sugimoto et
al. 2000). Similarly, Konemann et al. (2016) demonstrated
the difficulty of differentiating CO2 emissions from soil
where termites had been eliminated compared with soil
where termites occurred naturally. That study demonstrated
the cryptic nature of termites in prairie soils and that an
effective method to detect their gases was to aggregate them
to a centralized location.  Our study was specifically designed
to overcome that limitation by aggregating foraging ESTs
within sealed flux chambers where gas emissions could be
accurately measured over 12 non-consecutive months during
the 19-month study.
Gas emissions in Treatment A aggregation chambers
were compared with Treatment B non-aggregation nativesoil chambers (Treatment B) and chambers where termites
were excluded (Treatments C, D). Termites in woodcontaining aggregation chambers produced 20.5% more CO2
and 96.0% CH4 than termites in non-aggregation native-soil
chambers (Treatment B), 69.4% more CO2 and 96.1% CH4
than Treatment C, and 72.4% CO2 and 93% CH4 more than
Treatment D. We found that termite numbers in wood-filled
flux chambers (Treatment A) were positively correlated
with CO2 and CH4 concentration measurements throughout
the study, but that the correlation between CO2 and termite
numbers was lower than that for termite numbers and CH4.
The lower correlation coefficient (r) for CO2 could be the
result of CO2 being produced by both spiracular respiration
and microbial digestive processes, whereas the relatively
high 'r' value for CH4 may have only a single source,
anaerobic digestive processes (Brauman et al. 1992, Shelton
and Appel 2001). In laboratory experiments, Konemann et al.
(2017) demonstrated that populations of as few as 50 termites
produced 71% more CO2 and 57.7% CH4 on average than
controls where termites were excluded. In natural settings
such as the TGPP, there are several additional bio-active
factors involved with CO2 and CH4 emissions from the soil.
These include numerous soil micro- and macro-fauna and
flora species.  Soil methanotroph and methyltroph bacteria as
well as yeasts utilize CH4 as a carbon source for biosynthesis
and growth, contributing to balanced soil health (Biomodels
2012).
Interactions between soil invertebrates and microbes,
plant growth, and prairie soil respiration are well known
(Seastedt et al. 1988, Sims and Bradford 2001). In a study of
environmental influences on drywood termite gas production,
Shelton and Appel (2001) demonstrated that ambient
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air temperatures influenced termite CO2 emissions. As
temperature increased from 20 to 40° C, the western drywood
termite, Incisitermes minor Hagen, and two other drywood
termites, I. tabogae Snyder, and Cryptotermes cavifrons
Hagen, produced 1.92-g CO2•h-1, 1.66-g CO2•h-1, and 1.62-g
CO2•h-1, respectively. Similar trends were reported by Jamali
et al. (2010) for CH4 emissions from mound-building termites
in Australia's Northern Territory. These termites produced
gas emissions that correlated with diurnal and seasonal
climate variations, including air temperature changes.
Termite and other soil-dwelling arthropod movement
and foraging activity are partly dependent on soil moisture
content (Mackay et al. 1986). As soft-bodied insects,
termites are susceptible to desiccation and rely on moisturerich environments for survival and proliferation (Suiter et al.
2009). For example, this is shown with the harvester termite,
Microcerotermes nervosus, in the Amitermes group, where
this termite's biomass in soil or mounds is directly related
to soil moisture during wet seasons on tropical savannas
(Jamali et al. 2013). Jamali et al. (2013) also observed
a similar pattern by determining that as termite biomass
increased so did CO2 and CH4 flux from termite mounds
and surrounding savanna soil, with large variations between
mounds. Similarly, our study shows that when soil moisture
was ≥14.6% the average number of termites present in flux
chambers was greater than when soil moisture was <10%. In
general, as termite numbers increased, overall CO2 and CH4
emissions increased.
On the TGPP, rainfall is the primary contributor to soil
water content, and is essential for microbial and root growth
as well as termite survival (Suiter et al. 2009, Cook and
Orchard 2008). Our and others' results suggest that foraging
termites could potentially be a relatively large contributor
to greenhouse gasses. However, contrasting results of the
few available studies make it difficult to specifically identify
the relative contribution of termites to greenhouse gases.
Zimmerman et al. (1982), Rasmussen and Kahlil (1983),
and Frazer et al. (1986), all showed conflicting data on gas
production by termites.
The first large comprehensive study on termiteproduced greenhouse gases (CH4, CO2, CO, H2) suggests
that subterranean termites are important contributors to
the overall budget of these trace gases in the atmosphere.
From laboratory experiments, Zimmerman et al. (1982)
estimated that the ALST and the long-jawed desert termite
(LJDT), Gnathamitermes perplexus Banks, have potential to
produce 0.111- and 0.310-mg CO2•termite-1•d-1, respectively.
The ALST produced 0.794-mg CH4•termite-1•d-1, whereas
the LJDT produced 0.397-mg CH4•termite-1•d-1. These
researchers estimated that the combined contribution of both
species to the global atmosphere equaled about 5 × 1016-g
CO2•yr-1 and 1.5 × 1014-g CH4•yr-1. However, Rasmussen and
Khalil (1983) estimated that CH4 produced by termites is at
least 50 times greater than amounts reported by Zimmerman
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et al. (1982). In contrast, Fraser et al. (1986) estimated that
termites produce less than 5% of the total global CH4 + CO2
combined budget based on the high degree of variation in
termite feeding preferences. Seiler et al. (1984) conducted
CO2 and CH4 flux studies with six termite species, Amitermes,
Cubitermes, Hodotermes, Macrotermes, Odontotermes, and
Trinervitermes, from a broadleaf savannah in South Africa,
and observed that flux rates varied according to genus.  More
recently, Martius et al. (1993) determined that CH4 emitted
from wood-feeding Nasutitermes spp. in Amazon forests
was dependent on termite biomass that varied between each
experiment location, and estimated that termites produced
approximately 5% of global CH4. Despite contrasting
results of these general conclusions, overall, termites and
an abundance of other soil-dwelling organisms collectively
contribute to normal atmospheric background CO2 and CH4
concentrations.
During spring 2014, Oklahoma was emerging from
chronic severe drought that had impacted the TGPP during
the previous 36 months (NOAA 2014). However, during
May, June, and July 2014, the drought eased as the TGPP
received 69, 105, and 102 mm of rainfall, respectively.
However, during August 2014, only 20 mm of rain fell on the
TGPP. During October, November, and December 2014, the
TGPP received 123, 37, and 47 mm of rainfall, respectively.
These moisture variations are reflected in data that show that
both soil and termites produce relatively large amounts of
CO2 and CH4 during wettest months. Rainfall on the TGPP
during May, June, July, and August 2015 was 208, 62, 118,
and 100 mm, respectively, demonstrating monthly variation
in rainfall that affected metabolic gas emissions from soil
(OCS 2014, 2015). Varying rainfall during 2014 and 2015 did
not provide optimum termite foraging conditions year-round
because termites would have been subjected to desiccation
during dry periods, but then thrived during moist conditions.
Also, as soil and air temperatures increased during 2014 and
2015 summer months, soil moisture decreased. Therefore,
termites would have foraged less and burrowed deeper into
cooler, moist soil.  This increases difficulty of detecting gas
emissions from termites.  Root respiration is also influenced
by diurnal temperature changes and soil moisture content
depending on plant species (Bouma et al. 1997).
Liu et al. (2002) determined that both soil temperature
and moisture content regulate CO2 flux from microbes as
well as root systems on a tallgrass prairie in Texas. Yuste
et al. (2007) suggests that volumes of CO2 produced by
soil microbes are influenced by moisture and temperature
that influence and regulate microbe metabolism.   Another
study showed that soil temperature accounted for 80% of
seasonal CO2 flux variation in a hardwood forest (Davidson
et al. 1998). On a grass prairie, Mielnick and Dugas (2000)
showed that soil temperature and soil moisture accounted for
46% and 26% of CO2 flux, respectively.   Their study also
estimated that root respiration contributed 52% of overall
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CO2 flux.   Our results also substantiate that environmental
conditions and climate factors influence termite activity on
a tallgrass prairie and clearly influence overall CO2 and CH4
gas flux from the soil matrix.
MANAGEMENT IMPLICATIONS
Our study demonstrates that subterranean termites
are part of the diverse fauna on the TGPP that contribute
substantially to the structure and successful function of this
expansive natural ecosystem. Through their soil engineering
activities, termites contribute to overall health of the living
soil environment by aiding aeration and fertility of the soil,
improving rainfall percolation, and moving soil and plant
materials between soil horizons, thereby recycling nutrients.
Their CO2 emissions are beneficial for plant respiration and
also influence soil chemistry as part of the global carbon
cycle. On the TGPP, subterranean termites are not pests and
do not need to be managed or controlled by any artificial
intervention. Therefore, any possible misapplication of
pesticides resulting in termite mortality must be avoided.
Normal EST foraging behavior could be disturbed by
plows and discs, road grading, and construction of oil well
installations where soil and food sources become altered or
contaminated.  Because many benefits are provided by soildwelling arthropods, all prairie management practices should
be planned and conducted to reduce possible detrimental
effects on desirable prairie plants and animals, including
termites. On the well-managed and directed TGPP potential
negative issues have been addressed to the benefit of this
entire ecosystem, where termites continue to provide their
beneficial activities as a natural part of the TGPPs dynamic
soil health.
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