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ABSTRACT

also may also be correlated to lower measured H,O levels in the soils.

We have taken near-surface soil measurements of the gases CO,, CH,, H,0 and isoprene in several regions of the Coconino National Forest, Arizona, USA.
Sets of measurements were taken both prior to the start of the seasonal monsoon season, in addition to while the monsoon season was underway. We have
also compared the current monsoon season readings with readings taken at the same locations four years prior. For CO2, the relative level in the pristine
forest soil is just under 3.7 percent lower than that measured in 2017, while the CO, relative levels for the thinned and logged sites are lower by 13.5 and
5.4 percent, respectively. Even accounting for small increases in forest vegetation, these lower readings appear to be correlated to lower overall soil H,O
concentrations. The pristine CH, relative concentration in 2021 is 9.6% higher and the thinned CH, level is 19% higher. For the logged region, the measured
methane level is over 70% lower than in 2017, but still approximately triple the methane level as seen in the other forest areas. We conclude that this result
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Introduction

Soil respiration in forest environments contributes a significant
amount of the total atmospheric greenhouse gas flux attributed to
the overall forest [1-5]. Studies show that in the case of carbon
dioxide, or CO,, soil respiration processes have been shown to
contribute between 20% and 40% of all CO, released by forests
worldwide and up to 70% of all CO, released in temperate forest
environments. Several different factors may play a role in the
respiration of CO, from these soils. Much of the CO, emission
or absorption from soil environments is attributed to soil-based
microbial activity. Factors that affect this microbial activity play
a significant role in the overall CO, respiration. One factor that
may affect soil microbial activity is short-term and long-term
temperature variation [6, 7]. In these studies, a strong correlation
with atmospheric temperature and soil CO, flux was observed,
with maxima of flux and temperature being out of phase [8, 9].
Also, it was noted that atmospheric temperature and near-surface
soil temperature were highly correlated, possibly indicating that
soil CO, activity was occurring primarily in the very near surface
regions of the soil.

The overall abundance of nitrogen in the soil may affect respiration
of CO,. Any factors that alter the amount of available nitrogen
such as nitrogen deposition, litter decomposition, drought, fires,
forest thinning, and other mechanisms may play roles in eventual

CO, production [10, 11]. In soils where the nitrogen level is
enhanced, overall microbial levels and activity are lowered,
leading to reduced respiration and increased CO, sequestration.
Here, the reduction in carbon emissions may be substantial, and
near the same magnitude of carbon taken up by trees themselves
owing to nitrogen fertilization [11]. Water content in the forest
soils also affects overall CO, respiration. In studies focusing
on ponderosa pine forested areas, CO, efflux was found to vary
according to seasonal changes in soil moisture content as well as
soil moisture content changes owing to forest thinning [12, 13]. A
similar reduction in soil microbial activity and near-surface CO,
concentration was also reported by us owing to forest thinning
and logging activities with resultant soil moisture reduction [9].
It has also been reported that soil moisture conditions in which
the soil water content is higher than optimal conditions may
also result in a reduction of overall soil respiration [14]. Here, a
negative correlation between high soil moisture content and soil
temperature was observed. In studies comparing the availability
of light fraction organic matter and overall levels of microbial
activity and soil CO, respiration, it was reported that there exists
a linear relationship between the availability of decomposing
light biomass and soil CO, respiration [15]. Finally, levels of soil
compaction were found to alter soil respiration rates, with coarse
textured soils having more microbial activity that fine textured,
compact soils [16].

Methane, or CH,, is another very important atmospheric
greenhouse gas in which forests around the world play a major
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role [17-20]. Forest soils may act as sources or sinks for CH,,
depending on a variety of environmental conditions. It has been
shown that plant litter near soil surfaces may produce as much as
1-7 Tg/yr of methane in aerobic conditions on and near the surface
of forest and other soils [21]. In another study, it was shown that
CH, may be emitted by microbes contained within forest soils
as they digest organic carbon made available by forest plant life
[18]. Oxygen availability is needed and could vary substantially
owing to changes in soil water content. In earlier studies, it has
been shown that forest soils act as net producers of CH, as the
topmost layers of the soil lose moisture. Here, it was argued that
the oxidation of CH, was significantly reduced in the dryer soil
layers, subsequently rendering inactive the largest process leading
to CH, removal in the soils [22]. Possible explanations for this
observation include reduced oxidation of CH, as a function of
moisture loss and degradation of the bacteria, and more rapid
diffusion of CH, out into the atmosphere because of water loss
in the soils, ultimately resulting in less time for CH, oxidation by
bacteria to occur [23]. Production of CH, and ethylene, C2H4, has
also been demonstrated in laboratory experiments of forest soils
under more anaerobic conditions [24]. In this set of experiments,
soil bacteria consume forest litter near the soil surface resulting
in direct CH, production.

Isoprene is another gas produced in abundance by forest plant and
tree growth [25]. It is a volatile organic compound, or VOC, and
a known greenhouse gas. Soils in forests and other environments
may break down isoprene through the action of various bacteria
in the soils, thus acting as isoprene sinks. Both Actinobacteria and
Proteobacteria species have been found to break down isoprene
in these environments. Overall, a wide variety of environmental
processes occurring within the near-surface soils of forests
contribute to respiration effects of carbon dioxide, methane, and
isoprene.

Materials and Method

Field gas measurements were conducted using a portable, battery-
powered quadrupole mass spectrometer designed and constructed
by us [8]. Major components of this instrument include a miniature
quadrupole residual gas analyzer (RGA), a diaphragm roughing
pump, a high-vacuum turbomolecular pump, and a lithium-ion
battery with associated DC-DC converter circuitry for overall
system operation. Low and high vacuum pressure gauges are
also attached to the mass spectrometer vacuum system. The
full system is controlled by a laptop computer interfaced to the
mass spectrometer through a serial port. The portable unit also is
designed with a differentially pumped gas inlet orifice that enables
real-time measurement of gases under fully ambient conditions.
For a typical field measurement at a specific location, the system
is placed on the ground and the roughing diaphragm pump is first
turned on. After a few minutes of rough pumping the system is
brought down to approximately 1-3 x 10-3 Torr. At this time, the
turbomolecular pump may be initially turned on. The turbo pump
is allowed to pump the system for 15-20 minutes, at which time
the total system pressure is down in the low 10-6 Torr pressure
range or better. After system pressure is in the 10-6 Torr range,
the quadrupole RGA may be turned on, including the ionization
filaments heated within the vacuum system.

After the quadrupole system is operational, gas measurements
may be made at that specific location. The differentially pumped
gas inlet system is configured with a low volume probe that is
directly inserted into the soil, reaching a depth of approximately
two inches. The probe may be used in moist, loose soils as well

as dry compacted soils. After probe insertion, the system under
measurement is allowed to come to equilibrium for a few minutes,
with real-time monitoring of the gas concentrations in part-per-
million or part per billion units enabled. Shortly after equilibrium
is reached, typically in a few minutes, the gas concentrations are
recorded. This process may be repeated at similar of different
locations until the battery power is depleted, which is usually
2.5 — 3 hours of operation. The unit may then be plugged into a
typical 115 VAC outlet to recharge itself.

Results and Discussion

In the current study, we measured the relative concentrations of
CO,, CH,, and H,O vapor at three different locations within the
Coconino National Forest. The first area is referred to as pristine.
Here, the forest is completely natural and untouched, with all plant
and tree growth as well as soil conditions untouched or modified by
any external means. Figure 1 shows a photo of the pristine forested
area where measurements were taken. The types of trees that are
contained within these areas include ponderosa pine, pinion pine,
limber pine, aspen, Gambel oak, Douglas fir, white fir, sub-alpine
fir, cork bark fir, Engelmann spruce, blue spruce, alligator juniper,
rocky mountain juniper and Utah juniper. The dominant species
within the Coconino National Forest is ponderosa pine.

Figure 1: Untouched Coconino National Forest location where
“pristine” gas measurements were taken

The second area in which a set of measurements were taken is
referred to as the W. L. Gore forest area. At this data collection
location, the forest had been mechanically thinned in 2012 to
reduce the probability of wildfires. As a result of this mechanical
thinning process, small diameter trees are removed along with
bushes, low-lying brush, and forest debris. The third area of
quadrupole gas measurements is referred to as the Howard logged
area. In the area, the forest was commercially logged in 2017.
During the logging process approximately 80% of both large and
small diameter trees were removed, along with much of other
plants including bushes, grasses, and other forest debris. In this
area, approximately 50% of the soil area was laid bare in 2017,
with partial regrowth of some grasses, bushes and small trees
observed four years later in 2021. For the current study, two sets of
measurements were made at these three forest locations. The first
set was obtained in May, prior to the Northern Arizona monsoon
season. The second set of data was obtained in July of the same
year, after rains had begun. Here, measured rainfall was recorded
in approximately 5 of the 10 days prior to quadrupole data being
taken. Figure 2 shows a photo of the thinned forest area, while
Figure 3 shows a photo of the logged forest area.

J Ear Environ Sci Res, 2021

Volume 3(5): 2-5



Citation: Timothy L Porter, TR Dillingham (2021) Recent Trends in Greenhouse Gases Levels in the Soils of the Coconino National Forest. Journal of Earth and
Environmental Science Research. SRC/JEESR-180. DOI: doi.org/10.47363/JEESR/2021(3)155

Figure 2: Photograph of the Coconino National Forest W.L. Gore
area that has been mechanically thinned in order to reduce the
probability of wildfires

We also note that the measurements made during the monsoon
seasons in 2017 and 2021 occurred with ambient temperatures
within 1°C of each other, and within 1 hr of the time of day. In
Table 1, we show the relative concentrations of CO,, CH,, and
water vapor compared to the same gases measured outside of the
soil approximately 5 minutes prior to the soil measurements. We
use relative factors because while electron-impact quadrupole
mass spectrometers are able to measure residual gases with part-
per-billon sensitivity, calibrating these instruments in the field
without the simultaneous use of exact calibration standards may
be a source of many different types of errors. Here, by using
ratios of gas concentrations taken a few minutes apart, we can
best compare the effects of the soil environment with the ambient,
above ground environment. The data shown in Table 1 contains
measurements taken during the monsoon season, with damp soil
and overcast atmospheric conditions.

Figure 3: Photograph of the commercially logged Howard Forest
area

Table 1: Gas concentration ratios of in-soil measurements to
ambient concentration measurements

Carbon Methane ‘Water Vapor
Dioxide

Pristine Forest 2.85 0.66 1.38

Soil

Thinned Forest 2.30 0.47 1.32

Soil

Logged Forest 2.10 1.51 1.31

Soil

We can compare these readings to previous, similar readings taken
at the same locations in 2017. In 2017, the CO,, CH,, and H,0O
relative readings were 2.96, 0.56, and 1.44 for the pristine location,
2.66,0.42, and 1.41 for the thinned forest site, and 2.22, 5.1, and
1.37 for the logged location. For CO,, the relative level in the soil
is just under 3.7 percent lower than that measured in 2017, while
the CO, relative levels for the thinned and logged sites are lower
by 13.5 and 5.4 percent, respectively. Overall, the CO, levels
at all three locations measured in 2021 are relatively consistent
with the same measurements taken in 2017, albeit lower across
all three locations. Observationally, we can report that the overall
level of vegetation is observationally slightly higher in 2021 at
the thinned and logged sites with tiny tree seedlings, grasses and
weeds beginning to appear in greater quantities. While we note that
the small increase in vegetation might otherwise result in a small
increase in the production of CO,, we also note that the relative
soil water vapor concentration is lower in 2021 than it was in 2017.
Much of the CO, emission or absorption from soil environments is
attributed to soil-based microbial activity, thus factors that affect
this microbial activity play a significant role in the overall CO,
respiration. Some factors that may affect microbial activity include
as nitrogen abundance, litter decomposition, drought, fires, forest
thinning, and other mechanisms. Water content in the forest soils
also affects overall CO, production and respiration [14]. Previous
studies in ponderosa pine forested areas, CO, efflux was found to
vary according to seasonal changes in soil moisture content and
soil moisture content changes. Here, it is possible that the lower
levels of moisture content in the soils measured have resulted in
a concomitant decrease of soil microbial activity and subsequent
CO, production. This effect may be considerably larger than CO,
production from other effects, such as a slight increase in available
biomass in determining the net CO, efflux observed.

In comparing the measurements on soil methane with those obtained
in 2017, we refer again to Table 1. Here, we can see that the measured
soil relative methane levels are higher than what was measured in
2017 for pristine and thinned forest areas and much lower than the
2017 value for the same logged area. The pristine CH, relative
concentration in 2021 is 9.6% higher and the thinned CH, level is
19% higher. For the logged region, the measured methane level
is over 70% lower than in 2017, but still approximately triple the
methane level as seen in the other forest areas.

Forest soils may act as net producers of CH, as the topmost layers
of the soil lose moisture. One possible mechanism is that the
oxidation of CH, is significantly reduced in the dryer soil layers,
subsequently rendering inactive the largest natural process leading
to CH, removal in the soils [22]. Other possible explanations for
this observation include reduced oxidation of CH, as a function
of moisture loss and degradation of the bacteria, and more rapid
diffusion of CH, out into the atmosphere because of water loss
in the soils, ultimately resulting in less time for CH, oxidation
by bacteria to occur. As was the case with CO,, overall water
vapor levels in the soil being less than what was observed in 2017
appear to be the dominating factor explaining our 2021 results.
In the logged forest area, the measured CH, level is significantly
lower, but as was the case in 2017 it is very high with respect to
the methane levels measured in other forest areas. One possible
explanation is that soil compaction owing to the logging process
leads to higher anaerobic conditions within the soil, which has been
shown to lead to enhanced CH, production by soil microorganisms
and less diffusion of the methane out of the soil.

We can compare the relative values of these greenhouse gases as
measured during the 2021 monsoon season with measurements
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taken at the same areas three months earlier, when drier conditions
prevailed. In Figure 4, we show these relative levels. For the
pristine, thinned, and logged forest areas, the measured water
vapor levels in the soil are lower by 9.7, 20.0, and 12.0 percent,
respectively. The relative levels of CO, are lower under drier soil
conditions in each of the three areas measured, and the CH, levels
are all higher. We do not have dry soil measurements from 2017
to compare with these results. The data do, however, point to soil
water vapor content as potentially the most significant factor in
determining the relative abundances of the gases CO, and CH,
in these topmost soil regions. We feel that over the longer term,
possibly decades, the availability of soil biomass will also be of

Relative Gas Levels
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Figure 4: Relative values of greenhouse gases measured during
the 2021 monsoon season compared with measurements taken at
the same areas 3 months earlier when drier conditions prevailed.
very high relative importance, but for these sets of data taken
over a four-year span, the effect of soil biomass quantity is more
difficult to ascertain. Finally, we have taken initial measurements
of isoprene in the near surface soil regions of the pristine, thinned,
and logged forest areas. Table 2 below show this data.

Table 2: Relative amounts of isoprene gas in three forest areas
during the 2021 monsoon season

Pristine Thinned Logged

Forest Forest Forest
Relative 0.73 0.93 0.86
Isoprene

These relative isoprene levels, with respect to ambient air in the
same areas, were taken during the 2021 monsoon season. It has
been postulated that soils in forests and other environments may
break down isoprene through the action of various bacteria in
the soils, thus acting as isoprene sinks. Both Actinobacteria and
Proteobacteria species have been found to break down isoprene
in these environments. Here, we can see that is very possible
that some sink effect owing to the soils may be in effect. Data on
isoprene levels taken in future measurements will help to quantify
this effect and may also help to provide a measuring tool for the
overall bacterial activity levels in these soils.

Conclusions

Measurements taken in the forest soils of the Coconino National
forest of Northern Arizona for the gases CO,, CH,, and H,O show
relatively consistent results with similar measurements taken in
2017. Differences in measured values for CO, and CH, over this
span are mostly correlated with relative soil water vapor readings
taken at the same times and locations. This result is also consistent
with soil gas measurements taken in the dry season prior to the wet
monsoon season at the same forest areas. While greenhouse gas
respiration by forest soils is modified by several different factors

such as temperature, biomass availability, nitrogen availability
and other factors, the absolute concentrations of water vapor
appear to be the predominant factor. In future studies, we can
use baseline isoprene soil levels to further quantify the level of
microbial activity present in the soils.
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