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Abstract 

For soil processes that are known to be temporally dynamic, such as soil respiration, meth-
anogenesis, and nitrification–denitrification, it is challenging to capture temporal varia-
tions with field-portable greenhouse gas (GHG) analyzers to provide the most accurate 
estimates of season-long GHG emissions and global warming potentials (GWPs). The ob-
jective of this field study was to evaluate the effects of measurement frequency (i.e., 
weekly, every other week, and every third week), replication (i.e., three, four, or five), and 
their interaction on the consistency of season-long carbon dioxide (CO2), methane (CH4), 
and nitrous oxide (N2O) emissions and GWP estimates across multiple ecosystems. Re-
sults are based on direct, in-field measurements with a field-portable gas analyzer. Field 
research was conducted throughout the 2024 growing season in a minimally grazed pas-
ture, tallgrass prairie, soybean under conventional and conservation management prac-
tices, and cotton under conservation management in Arkansas, USA. Season-long CO2 
emissions and GWP from the tallgrass prairie were 1.1 times (12%) greater from the 
weekly and every-other-week (16.9 and 17.0 Mg ha−1, respectively), which did not differ, 
than the every-third-week (14.2 and 14.2 Mg ha−1, respectively) measurement frequencies. 
Season-long CH4 emissions from the minimally grazed pasture and conservation-tilled 
soybean system were ≥7.5 times greater with four and five replications, which did not 
differ, than with three replications. Global warming potential in the conservation-tilled 
soybean (13.9 Mg ha−1) and conservation-tilled cotton (21.1 Mg ha−1) systems were ≥1.1 
times (13%) greater with the every-third-week than with the weekly data set. Though this 
study was somewhat limited due the data sub-setting approach used, even using current, 
state-of-the-art, field-portable GHG analyzers, an appropriate in-field measurement fre-
quency and number of spatial replications should be considered to reliably quantify 
whole-field, season-long GHG emissions and GWP estimates. 
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1. Introduction 
Soil is a significant contributor to atmospheric greenhouse gas (GHG) concentrations 

[1,2], where the documented increase in atmospheric GHG concentrations in the last half 
century or so [3] is leading to global climate change, particularly via global atmospheric 
warming, shifting weather patterns, and increasing frequency of extreme weather events 
[4–6]. 

The processes that produce carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) in the soil have been shown to be affected by many factors. Root and microbial 
respiration produces CO2, which is generally greater in magnitude from aerobic than an-
aerobic soil conditions [7–9], and is influenced by dynamic environmental characteristics 
and soil properties, particularly soil moisture and the amount of organic carbon (C) sub-
strate present [i.e., labile organic material and/or the soil C and soil organic matter (SOM) 
concentration] [10–12]. Soil water content fluctuations, in turn, affect the soil oxidation–
reduction potential (i.e., Eh), which dictates the transfer of energy (i.e., electrons) between 
specific soil compounds. Soil Eh is controlled by the soil’s oxygen (O2) concentration and 
is strongly correlated with GHG production [13–15]. 

Whereas soil respiration generally dominates under aerobic soil conditions [16,17], 
when the soil is saturated for an extended period of time, typically requiring several 
weeks [18], the O2 concentration decreases to the point where once-aerobic conditions con-
vert to anaerobic conditions, greatly reducing the soil respiration rate. Once the soil be-
comes anaerobic, reducing conditions can develop, where CO2 is typically reduced to CH4 
by methanogens via methanogenesis [14,19,20]. However, on a molecule-by-molecule ba-
sis, methane’s radiative forcing in the atmosphere is currently recognized as 28 times more 
powerful than CO2 [2,21]. 

Intermediate to the soil conditions that favor CO2 and CH4 production, N2O produc-
tion generally requires a source of nitrate-nitrogen (N), often as a product of microbial-
facilitated SOM decomposition, which is processed by bacteria via denitrification [22,23]. 
If complete, denitrification produces dinitrogen gas (N2), which is a major component of 
the atmosphere, but is not a GHG and thus is not harmful in the atmosphere [24]. How-
ever, if incomplete, denitrification can produce N2O [22,25], which is currently recognized 
as having an atmospheric radiative forcing 265 times more powerful than CO2 on a mole-
cule-by-molecule basis [2]. 

The temporal variability of soil respiration, methanogenesis, and denitrification, all 
of which are affected by various dynamic environmental conditions and soil physical and 
chemical properties [26,27], make it challenging to generate accurate estimates of season-
long GHG emissions [1,28,29], which, in turn, are critical for accurate and reliable esti-
mates of global warming potential (GWP) from various ecosystems or field treatments. 
Consequently, designing field studies with statistically sound and valid experimental de-
signs that lead to the generation of high-quality, replicated data representative of field-
scale conditions are essential components of GHG emissions and GWP assessments. The 
appropriate measurement frequency and/or number of spatial replications to include 
need to be identified and carefully considered to effectively address study objectives. Time 
commitments for travel to and from research sites, potentially located in geographically 
widespread locations, and for in-field measurements may require a reduced number of 
research locations, reduced measurement frequencies, and/or reduced spatial replications. 
Even when current, state-of-the-art, field-portable, relatively rapid GHG concentration 
measurement systems are used, the finite time and travel costs available to accomplish the 
research objectives should play a substantial role in the development of an appropriate 
experimental design and number of research sites, treatments within a site, measurement 
frequency, and spatial replications. 
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In a recent summary of techniques and their advantages and disadvantages, Mumu 
et al. [26] acknowledged that GHG measurements are technically challenging, often ex-
pensive, and laborious, but direct measurements are indispensable for both precision and 
accuracy of GHG emissions estimates [30]. More specifically, GHG measurements from 
agricultural soils, which have been identified as globally contributing as much as 25% of 
all GHG emissions [31], were described as unreliable due to large variability, often asso-
ciated with choice of sampling or measurement technique [26]. 

Infrequent (i.e., greater than weekly), temporal measurements may suffice for evalu-
ating relative treatment differences on discrete measurement dates, for soil processes that 
are known to be temporally dynamic, such as soil respiration, methanogenesis, and nitri-
fication–denitrification. However, it is challenging to capture temporal variations with 
field-portable, relatively rapid, GHG analyzers to provide the most accurate estimates of 
true season-long GHG emissions and GWPs [1,28,29,32], particularly when field research 
sites are geographically separated by long distances that increase travel times [1]. Conse-
quently, compromises may need to be made to reduce the frequency and/or reduce the 
number of spatial replications of direct, in-field measurements using even state-of-the-art, 
though field-portable and relatively rapid, GHG analysis systems. However, understand-
ing the sources and magnitudes of uncertainty in GHG emissions estimates is a key com-
ponent of developing proper measurement protocols, policies, and mitigation strategies 
and their evaluation [30,32–35]. Accurate, direct field measurements are also critical for 
proper up-scaling to whole-field or regional emissions and GWP estimates for most accu-
rate GHG emissions inventorying and budgets [30] and are equally critical for proper 
GHG model calibration and validation. 

The objective of this field study was to evaluate the effects of measurement frequency, 
replication per ecosystem, and their interaction on season-long GHG emissions and GWP 
estimates, based on direct, in-field measurements, separately in five diverse ecosystems at 
different sites using measurements conducted throughout the 2024 growing season in Ar-
kansas, USA. For the current study, it was hypothesized that, in general, season-long GHG 
emissions and GWP results from less frequent measurements than weekly and/or from 
fewer than four spatial replications would result in greater uncertainty (i.e., greater vari-
ability) than from the most robust data set collected, represented by weekly measurements 
with four or more spatial replications, due to data reduction. It was also hypothesized that, 
due to more stable environmental conditions (i.e., soil moisture variations in response to 
rainfall only), the grassland ecosystems would have fewer differences in season-long 
GHG emissions and GWP results when measurement frequency and/or replications were 
reduced than the agroecosystems, as rainfall plus the furrow-irrigated water management 
in the agroecosystems would create more soil moisture fluctuations in the warmer and 
wetter climate region where the agroecosystems were located. 

The novelty of this field study lies in the multi-ecosystem design that extends beyond 
previous single-site studies and volume of GHG flux data collected consistently across 
multiple ecosystems throughout the same summer growing season as the basis to calcu-
late season-long GHG emissions and GWP estimates. In addition, this study addressed 
both spatial and temporal resolution effects on GHG consistency, whereas most other 
studies only focus on one of the two aspects of emissions variability, and addressed effects 
on the simultaneous measurement of CO2, CH4, and N2O as a group, rather than focusing 
on single-gas responses. 
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2. Materials and Methods 
2.1. Site Descriptions 

Field research was conducted over the course of the 2024 growing season in five dif-
ferent ecosystems throughout Arkansas (Figure 1; Table 1). Two grassland ecosystems in 
northwest Arkansas (i.e., a minimally grazed pasture [36] and a native tallgrass prairie 
[37]) were investigated, while three agroecosystems from southeast Arkansas (i.e., a con-
ventionally tilled, furrow-irrigated soybean system without cover crops, representing a 
conventional production system [38]; a reduced tillage, furrow-irrigated soybean system 
with cover crops, representing a conservation production system [39]; and a conservation-
tilled, furrow-irrigated cotton system without cover crops, representing a conservation 
production system [40]) were investigated (Figure 1; Table 1). In the agroecosystems, till-
age depths were generally 5 to 10 cm, irrigation frequency was generally once per week, 
and cereal rye (Secale cereale) was the cover crop if present. The grazed pasture system 
received 60 kg N ha−1 as urea in August 2024 [26]. The conventional soybean system had 
56 kg ha−1 of ammonium sulfate applied on 1 June 2024 [38]. The conservation soybean 
system had 11 kg ha−1 of urea ammonium nitrate (UAN) applied after planting and 56 kg 
ha−1 of ammonium sulfate were applied on 1 June 2024 [39]. The cotton system had 112 kg 
ha−1 of diammonium phosphate applied on 10 June and 87 L of UAN applied on 25 June 
2024 [40]. All five ecosystems had soils with silt-loam surface textures (Table 2). The two 
northwest Arkansas locations were mapped in a udic, while the three southeast Arkansas 
locations were mapped in an aquic soil moisture regime, but all soils evaluated were 
mapped as Alfisols with argillic sub-surface horizons. Greenhouse gas concentration 
measurements within the ecosystems took place over different date ranges, at different 
times of the day, and different durations among ecosystems, but generally occurred be-
tween mid-May and mid-September 2024, representing between 93 and 125 days of the 
major portion of each ecosystem’s summer growing season (Table 1). However, within 
each individual ecosystem, GHG measurements occurred during the same temporal win-
dow and followed a constant protocol for the whole growing season. 

 

Figure 1. Approximate geographical distribution of the five ecosystems evaluated in this study, in-
cluding two grassland ecosystems in northwest Arkansas [i.e., a minimally grazed pasture (1) and 
a native tallgrass prairie (2)] and three agroecosystems from southeast Arkansas [i.e., a convention-
ally tilled, furrow-irrigated soybean system without cover crops (3), a reduced tillage, furrow-irri-
gated soybean system with cover crops (4), and a conservation-tilled, furrow-irrigated cotton system 
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without cover crops (5)]. Image modified from Geology.com. Blue color on the map indicates water, 
while green shades indicate non-water land area. Approximately 2.5 cm (1 in) on the map is equiv-
alent to 80 km (50 miles). 

Table 1. Summary of ecosystems and their characteristics for which season-long greenhouse gas 
fluxes were measured across Arkansas throughout the 2024 growing season. 

Ecosystem Location 
Vegetation 
Type/Crop 

Management Practices/ 
Important Characteristics 

Soil Taxonomic  
Description  

Measurement 
Date Range 

Measure-
ment Dura-
tion (Days) 

Grassland 
North-
west  

Arkansas 

Pastureland 
Minimally grazed, non- 

irrigated, udic soil  
moisture regime 

Fine-silty, mixed, active, 
mesic Typic Paleudalfs 

30 May to  
30 August 

93 

Tallgrass 
prairie 

Native prairie, never 
plowed, prairie mounds 

present, udic soil  
moisture regime 

Fine-silty, mixed, active, 
thermic Oxyaquic 

Fragiudalfs 

16 May to  
13 September 121 

Agroecosys-
tem  

Southeast 
Arkansas 

Soybean  
Conventional tillage,  

furrow-irrigated, aquic 
soil moisture regime 

Fine, smectitic, thermic 
Typic Albaqualf 

7 May to  
20 August 

106 

Soybean  

Reduced/conservation 
tillage, furrow-irrigated, 
aquic soil moisture re-

gime 

Fine-silty, mixed, active, 
thermic Aeric Epiaqualfs 

8 May to  
20 August 

105 

Cotton  
Conservation tillage,  

furrow-irrigated, aquic 
soil moisture regime 

Fine-silty, mixed, active, 
thermic Aeric Epiaqualfs 

8 May to 
9 September 125 

Table 2. Summary of initial soil property means (n = 4 for the cotton system, n = 5 for the other four 
ecosystems) and their standard errors (SEs) from the beginning of the 2024 growing season in the 
top 10 cm for the two grasslands and in the top 15 cm in the three agroecosystems. 

Ecosystem Sand  
(g g−1) 

Silt  
(g g−1) 

Clay  
(g g−1) 

BD † 

(g cm−3) 
pH SOM † 

(Mg ha−1) 

TN † 

(Mg ha−1) 

TC † 

(Mg ha−1) 

Minimally grazed 
pastureland 

0.51  
(0.01) 

0.43  
(<0.01) 

0.06  
(0.01) 

1.29 (0.02) 5.3 (0.05) 45.0  
(1.2) 

2.4  
(0.1) 

24.7  
(0.7) 

Tallgrass prairie 0.28  
(<0.01) 

0.67  
(<0.01) 

0.05  
(<0.01) 

0.91 (0.02) 4.9 (0.05) 49.4  
(1.6) 

2.4  
(0.1) 

28.6  
(1.0) 

Conventionally 
tilled soybean 

0.22  
(<0.01) 

0.67  
(<0.01) 

0.10  
(<0.01) 

1.29 (0.1) 7.48 (0.1) 41.3  
(1.1) 

1.8  
(0.1) 

21.1  
(1.0) 

Conservation-tilled 
soybean 

0.28  
(<0.01) 

0.65  
(<0.01) 

0.07  
(<0.01) 

1.18 (0.03) 6.8 (0.03) 34.3  
(0.9) 

1.5  
(<0.1) 

17.9  
(0.2) 

Conservation-tilled 
cotton 

0.15  
(<0.01) 

0.79  
(<0.01) 

0.06  
(<0.01) 

1.27 (<0.1) 6.8 (<0.1) 45.2  
(2.9) 

2.3  
(0.2) 

25.9  
(2.3) 

† BD, bulk density; SOM, soil organic matter; TN, total nitrogen; TC, total carbon. 

Table 3 summarizes the mean monthly and growing season air temperature and rain-
fall for 2024 and the 30-year (i.e., 1991–2020) average monthly and growing season air 
temperature and rainfall for the three locations that include all five ecosystems included 
in this study. The pastureland and tallgrass prairie in northwest Arkansas had similar 
2024 growing-season mean air temperatures, but substantially lower growing-season 
rainfall compared to the 30-year averages (Table 3). The agroecosystems in southeast Ar-
kansas also had similar 2024 growing-season mean air temperatures and lower growing-
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season rainfall compared to the 30-year averages (Table 3), but all three agroecosystems 
were furrow-irrigated to supply adequate moisture. 

Table 3. Summary of mean monthly and growing season air temperature and rainfall for 2024 and 
30-year (i.e., 1991–2020) average monthly and growing season air temperature and rainfall for the 
pastureland and tallgrass prairie ecosystems in northwest Arkansas and agroecosystems in south-
east Arkansas. 

Ecosystem/ 
Climate Metric 

April May June July August September Growing Season 

Pastureland †        
     Air temperature (°C) 16.0 21.0 25.4 26.3 26.9 - 23.1 
         30-year mean (°C) 14.6 19.1 23.8 26.4 25.9 - 22.0 
     Rainfall (mm) 105 170 59 83 77 - 494 
         30-year mean (mm) 126 150 109 106 85 - 577 
Tallgrass prairie ‡        
     Air temperature (°C) - 21.1 25.3 26.4 26.7 22.5 24.4 
         30-year mean (°C) - 20.3 24.8 27.2 26.7 22.4 24.3 
     Rainfall (mm) - 190 58 74 57 1 380 
         30-year mean (mm) - 161 115 106 91 110 583 
Agroecosystems #        
     Air temperature (°C) 18.4 23.5 26.9 27.5 28.3 24.3 24.9 
         30-year mean (°C) 18.1 22.6 26.4 27.7 27.2 24.0 24.3 
     Rainfall (mm) 95 193 63 96 48 25 520 
         30-year mean (mm)  141 125 84 86 74 72 582 

† Monthly air temperature and rainfall from NOAA-NESDI [41,42] and 30-year averages from 
NOAA-NCEI [43]. ‡ Monthly air temperature and rainfall from NOAA-NESDI [41,42] and 30-year 
averages from NOAA-NCEI [43]. # Monthly air temperature and rainfall from SRCC [44] and 30-
year averages from NOAA-NCEI [43]. 

2.2. Treatments and Experimental Design 

Measurement frequency and number of replications were the two formal factors 
evaluated in this study, where data sets for both factors were derived from the same orig-
inal data set consisting of weekly GHG measurements with four or five replications, which 
was considered the most robustly gathered data set. Weekly measurements were the most 
practically achievable frequency given that three of the five study locations were located 
~370 km one-way away from the home campus. Five replications were based on a power 
analysis (1 − β > 0.90) from several preliminary GHG measurements conducted prior to 
the first formal measurement date included in the data sets, thus the preliminary meas-
urements were not included in the formal data sets analyzed in this study. The measure-
ment frequencies evaluated included gas-flux data from measurements conducted weekly, 
every other week, and every third week. As weekly measurements were the original data 
set generated, to create the every-other-week and every-third-week data sets, the first 
measurement date was always retained, then subsequent data from only every other week 
and only every third week were retained from the original weekly data set, while all other 
data were deleted. 

The number of spatial replications evaluated were three, four, and five for all ecosys-
tems, except the cotton system, for which only three and four replications were evaluated. 
For four of the five ecosystems, excluding the cotton system, the same replications were 
systematically deleted from the original five-replication data set for each ecosystem, thus 
not all possible combinations of deleted replications were evaluated, but all four ecosys-
tems had the same replicate data deleted to create the three- and four-replication data sets 
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(Figure 2). Eliminating the center replicate was justified to create the four-replicate data 
set (Figure 2), as the center replicate likely represented intermediate GHG fluxes among 
the four remaining replicates. Eliminating two different replicates to create the three-rep-
lication data set left replicates in the same horizontal plane, resulting in a 3-point transect, 
which would be a logical arrangement choice for only three replications (Figure 2). It is 
possible that the results may differ had a different combination of spatial replicates been 
removed. However, assessing all combinations of possible replicate removals was beyond 
the scope of this study, as the approach used in this study represented reasonably logical 
choices for designing a similar field experiment if resources or time required limiting the 
number of measurement replications. Other possible replicate combinations would result 
in an impractical arrangement of replicates. 

 

Figure 2. Spatial arrangement of the greenhouse gas measurement replications for the five-, four-, 
and three-replication data sets created and applied uniformly across the minimally grazed pasture, 
tallgrass prairie, and conventionally and conservation-tilled soybean ecosystems evaluated in this 
study. Numbers indicate which of the five replications were used to create the data set. 

For the cotton system, only four replications were measured originally, thus, to create 
the three-replication data set, the fourth replication was simply deleted. Though replica-
tions within each ecosystem were established in a spatially discrete arrangement, a com-
pletely random experimental design was assumed for data analyses for all ecosystems. 
Due to differences in growing season lengths and ecosystem characteristics (Table 1), the 
effects of measurement frequency, replication, and their interaction were evaluated sepa-
rately by ecosystem, thus no formal comparisons among ecosystems were made. 

2.3. Gas Concentration Measurements 

At each location, five base collars were installed in a consistent, spatially discrete ar-
rangement. Base collars consisted of thick-walled, 20 cm diameter, 11.5 cm tall, polyvinyl 
chloride (PVC), beveled to the outside at the bottom to facilitate installation, which were 
manually tapped into the soil to a depth of ~9 cm using a rubber mallet and a wooden 
board and leveled with a bubble level. Greenhouse gas measurements occurred weekly 
throughout the growing season at each of the five locations (Table 1). Measurements in 
the three agroecosystems were conducted between 0700 and 1000 h (i.e., 7 and 10 am) or 
between 1700 and 2000 h (i.e., 5 and 8 pm), which corresponded to when the average daily 
air temperature occurred for when GHG measurements are recommended [45], while 
measurements in the two grasslands were conducted between 1000 and 1400 h (i.e., 10 am 
and 2 pm) due to travel logistics. 

A field-portable, Li-Cor trace gas measurement system (Li-Cor Inc., Lincoln, NE, 
USA) was used for all in-field GHG measurements, which consisted of a smart chamber 
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(LI-8200-01S), a combined CO2 and CH4 analyzer (LI-7810), and a N2O analyzer (LI-7820). 
The chamber has a volume of ~5158 cm3. The analyzers have detection ranges of 0–100 
ppm for CH4 and N2O and 0–100,000 ppm for CO2 [46]. For each base collar measurement, 
the chamber was placed atop the uncovered base collar in the open position. Via a wi-fi-
connected smart device (i.e., a phone or tablet), the measurement sequence was activated 
remotely, which closed the chamber to create an air-tight, closed-loop system. The meas-
urement sequence, which circulated the chamber’s headspace air through the analyzers, 
lasted 320 s. Optical feedback-cavity enhanced absorption spectroscopy (OF-CEAS) [46] 
quantified the gas concentrations every 1 s the chamber was closed. Once a single meas-
urement was completed, the smart chamber opened and air was force-circulated through 
the tubing and analyzers for 45 s to flush the system. Base collars remained in the same 
position for the entire growing season and experienced the same environmental condi-
tions as outside the base collars (i.e., shade, soil water content, relative humidity, and 
physical, chemical, and biological properties), as only 9 cm of the base collar was above 
the soil surface. 

After all measurements at a location ceased, data were downloaded from the gas an-
alyzers and smart chamber and imported into Li-Cor’s Soil Flux Pro software (version 
5.3.1) before leaving the field location to check for data quality. In Soil Flux Pro, the first 
45 s of each set of measured gas concentrations were excluded from subsequent calcula-
tions as a dead-band period of instability with the measured gas concentrations early in 
the measurement sequence. Thus, the actual sampling period for data analyses was 75 and 
275 s for CO2/CH4 and N2O, respectively, so that a linear regression model could be fit to 
the concentration-over-time data to determine each gas’ dry flux, which was represented 
by the slope of the linear regression equation and was reported as the change in gas con-
centration per unit area per unit time (i.e., µmol m−2 s−1). Following procedures outlined 
by Parkin and Venterea [45], if the original regression slope was negative, the negative 
flux was reassigned to a value of 1.0 × 10−6, such that all fluxes were positive for statistical 
analysis purposes. Numerous recent studies [47,48] have considered only positive gas 
fluxes, as the true mechanism responsible for a negative measured flux is not well-under-
stood yet, thus results reflect soil effluxes rather than net ecosystem exchange. 

Over the course of the 2024 growing, there were a total of 14, 18, 16, 16, and 19 weekly 
measurement dates in the minimally grazed pasture, tallgrass prairie, conventionally 
tilled soybean, conservation-tilled soybean, and conservation-tilled cotton systems, re-
spectively. Greenhouse gas data for the grazed pasture and conventionally tilled soybean 
system were extracted from Buchanan et al. [36] and Gwaltney et al. [38], respectively. 

2.4. Soil Sample Collection, Processing, and Analyses 

To characterize initial near-surface soil properties, after base collars were first in-
stalled in late April to mid-May 2024, soil samples were collected with a 4.8 cm diameter, 
stainless-steel core chamber and slide hammer from within 0.3 m of each base collar from 
the top 10 cm in the two grassland ecosystems and from the top 15 cm in the three agroe-
cosystems. Different sample depths reflected established recommendations for assessing 
in soil fertility requirements in the different ecosystems. Samples were collected from the 
top and middle of the raised beds in the three agroecosystems. 

Samples were oven-dried in a forced-draft oven at 70 °C for at least 48 h, weighed for 
bulk density determination, ground, and sieved through a 2 mm mesh screen for select 
soil physical and chemical property assessments. Sand, silt, and clay concentrations were 
measured using a modified 12 h hydrometer method [49]. Soil pH was measured potenti-
ometrically with an electrode in a 1:2 soil mass:water volume suspension [50]. High-tem-
perature combustion was used to measure total C (TC) and total N (TN) concentrations 
on a VarioMax CN analyzer (Elementar Americas Inc., Mt. Laurel, NJ, USA) [51,52]. Since 
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no effervescence occurred when soil was treated with dilute hydrochloric acid, all meas-
ured TC was assumed to be organic [51]. Weight-loss-on-ignition was used to measure 
SOM concentration after 2 h of combustion at 360 °C [53]. On a collar-by-collar basis, 
measured SOM, TC, and TN concentrations (%) were converted to contents (Mg ha−1) by 
multiplying by the measured bulk density and multiplying by the appropriate sample 
depth (i.e., 10 or 15 cm). Soil property data were extracted from Buchanan et al. [36] for 
the grazed pasture system, Dockery [37] for the native prairie, Gwaltney et al. [38] for the 
conventionally tilled soybean system, Brye [39] for the conservation managed soybean 
system, and Seuferling et al. [40] for the conventionally managed cotton system. Initial 
soil property means for all five systems are summarized in Table 2. 

2.5. Season-Long Emissions and Global Warming Potential Determinations 

Following recent procedures, on a collar-by-collar basis, each original hourly gas flux 
was converted to a daily flux using the appropriate air temperature, atmospheric pressure, 
and chamber volume. Daily gas fluxes were then linearly interpolated between consecu-
tive measurement dates, which were subsequently summed to estimate season-long emis-
sions following procedures of numerous recent studies [48,54]. 

On a collar-to-collar basis, three-gas GWP was calculated as the sum of CO2 equiva-
lents (eq) for CO2, CH4, and N2O, with 100-year conversion factors of 1, 28, and 265 for 
CO2, CH4, and N2O, respectively [2]. Due to CO2’s substantially larger emissions magni-
tudes compared to CH4 and N2O in terms of molar mass, a two-gas, reduced GWP (GWP*) 
was also calculated in the same manner as GWP on a collar-to-collar basis, but with only 
CH4 and N2O included and CO2 excluded, as the inclusion of CO2 in the GWP calculation 
can potentially mask treatment differences [47,48]. 

Original hourly gas-flux data were previously reported, where temporal trends and 
field treatments were formally evaluated [36–40]. Consequently, descriptions of the orig-
inal hourly flux data and temporal and field treatment effects were not repeated in the 
current study, rather the 2024 season-long GHG emissions were evaluated in a manner 
that had not previously been conducted. Furthermore, being summed across all weekly 
measurement dates, thus representing a cumulative response for a 3- to 4-month-long pe-
riod rather than discrete, 5 min responses from week to week, season-long GHG emissions 
convey substantially greater climate-change implications than GHG fluxes. In addition to 
being the foundation of GWP estimations, sustainability metrics and climate-change pol-
icies associated with various crops and cropping systems are based on longer-term, cu-
mulative emissions rather than short-term fluxes. 

2.6. Statistical Analyses 

Due to logistical and practical limitations that precluded fully independent treat-
ments associated with a study location, the different measurement frequencies and repli-
cation levels were created as sub-sets of the original complete data sets at each location. 
Thus, based on prior observations from northwest Arkansas, it was reasonably assumed 
that the within-field variability would have been similar to the between-field variability 
had multiple fields been able to be included in this study for each study location [55]. 
Therefore, based on a completely random design, a two-factor analysis of variance 
(ANOVA) was conducted using the PROC GLIMMIX procedure in SAS (version 9.4, SAS 
Institute Inc., Cary, NC, USA) to evaluate the effects of measurement frequency (i.e., 
weekly, every other week, and every third week), replications (i.e., three, four, or five), 
and their interaction on season-long GHG (i.e., CO2, CH4, and N2O) emissions and GWP 
and GWP* estimates separately among five ecosystems (i.e., minimally grazed pas-
tureland, tallgrass prairie, soybean under conventional and conservation management 
practices, and cotton under conventional management). The five ecosystems were not for-
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mally compared to one another and analyzed separately due to the variations in environ-
mental conditions (i.e., air temperature and rainfall) experienced, differences in treat-
ments evaluated, and differences in growing season durations among the ecosystems. 
Consequently, consistencies in results across the five ecosystems were the intended focus 
of this study. Measurement frequency and replication were the evaluated fixed effects, 
while the random effect was the three, four, of five actual observations that made up the 
replication fixed effect. All response variables were analyzed with a gamma distribution. 
Since the closest distance between any two GHG base collars was no less than 3 m, all gas-
flux data were assumed independent and treated as separate observations for all statistical 
analyses. Sample independence at a similar distance among replicate observations has 
been formally evaluated in numerous locations throughout Arkansas and specifically in 
soils in eastern Arkansas [56–58]. Though an increased rate of false positive responses may 
occur, due to the combination of large, expected variability among spatial replications 
from prior direct field measurements and low number of observations [59], significance 
was judged at p ≤ 0.1 for all response variables. Means were separated by least significant 
difference when appropriate. 

Though most often applied when treatment factors are material effects, the ANOVA 
approach used in this study evaluated non-material effects (i.e., measurement frequency 
and replication), which allowed for the main effects to be evaluated separately and their 
interaction to be evaluated. In the current study, the interaction effect tested whether any 
measurement frequency effect on GHG emissions consistency differed among replications 
used and vice versa, which was a unique and novel aspect of this study. Furthermore, the 
ability of ANOVA to handle unbalanced data sets made the current statistical approach 
robust, replicable, and reliable. However, since the data sets evaluated were a sub-set of 
an originally collected, complete data set, the data sub-sets are not truly independent and 
may have affected the variance components. Consequently, results from this study should 
be considered preliminary, with additional observations and analyses conducted before 
results are confirmed. 

In addition, to address uncertainty, standard error of the mean across treatment com-
binations and the effect size (η2) across fixed factors were used to assess the level of un-
certainty and the practical significance within the ANOVA analysis for each response var-
iable in the various ecosystems. The η2 was calculated as the ratio between the sum of 
square (SS) of a specific fixed effect and the total SS of the model. 

3. Results and Discussion 
3.1. Season-Long Emissions 

Season-long emissions for at least one GHG were affected (p ≤ 0.1) by measurement 
frequency or replication in each ecosystem, except for the conventionally tilled soybean 
system, for which season-long emissions for all three GHGs were unaffected (p > 0.1) by 
measurement frequency and replication (Table 4). From the minimally managed grazed 
pasture, season-long CO2, CH4, and N2O emissions were unaffected (p > 0.1) by measure-
ment frequency and season-long CO2 and N2O emissions were unaffected (p > 0.1) by rep-
lication (Table 4). In contrast, season-long CH4 emissions were at least 10 times greater 
with four and five replications, which did not differ, than with three replications in the 
minimally grazed pasture (Figure 1). 

Similar to the minimally grazed pasture, season-long N2O emissions were unaffected 
(p > 0.1) by measurement frequency and season-long CO2 and N2O emissions were unaf-
fected (p > 0.1) by replication in the tallgrass prairie (Table 4). There were insufficient data 
(i.e., no significantly positive measured fluxes for any replicate on any of the 15 measure-
ment dates) to formally test season-long CH4 emissions in the tallgrass prairie due to the 
lack of extended periods of soil saturation. However, season-long CO2 emissions from the 
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tallgrass prairie were at least 1.1 times (12%) greater from the weekly and every-other-
week measurement frequencies, which did not differ, than the every-third-week measure-
ment frequencies (Table 5). 

Table 4. Analysis of variance summary for the effects of measurement frequency, replication, and 
their interaction on season-long carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), three-
gas global warming potential (GWP), and reduced GWP (GWP*) excluding CO2 within several dif-
ferent ecosystems across Arkansas during 2024. 

Ecosystem 
Response 
Variable Frequency Replication 

Frequency × 
Replication 

  __________________________________ p _________________________________ 

Minimally grazed pas-
tureland 

CO2 0.43 0.18 0.99 
CH4 0.64 <0.01 0.73 
N2O 0.94 0.31 1.0 
GWP 0.46 0.18 0.99 
GWP* 0.95 0.27 1.0 

Tallgrass prairie 

CO2 <0.01 † 0.47 1.0 
CH4 - ‡ - - 
N2O 0.75 0.79 1.0 
GWP <0.01 0.49 1.0 
GWP* 0.75 0.79 1.0 

Conventionally tilled soy-
bean 

CO2 0.62 0.65 1.0 
CH4 0.96 0.97 1.0 
N2O 0.20 0.55 0.99 
GWP 0.64 0.68 1.0 
GWP* 0.78 0.91 1.0 

Conservation-tilled soy-
bean 

CO2 0.05 0.58 1.0 
CH4 0.39 <0.01 0.95 
N2O 0.42 0.14 0.70 
GWP 0.05 0.58 1.0 
GWP* 0.50 0.06 0.75 

Conservation-tilled cotton 

CO2 <0.01 0.22 0.75 
CH4 - - - 
N2O 0.36 0.42 1.0 
GWP <0.01 0.20 0.75 
GWP* 0.37 0.42 1.0 

† Bolded values are significant at p ≤ 0.1. ‡ Cells with dashes (-) did not have sufficient data to com-
plete the formal statistical analyses. 

Table 5. Summary of the effect of measurement frequency, averaged across replications, on season-
long carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), three-gas global warming potential 
(GWP), and reduced GWP (GWP*) excluding CO2 within several different ecosystems across Ar-
kansas during 2024. 

Ecosystem 
Measurement Fre-

quency 

Season-Long Emissions 
GWP  

(Mg ha−1) 
GWP*  

(kg ha−1) CO2 

(Mg ha−1) 
CH4 

(kg ha−1) 
N2O 

(kg ha−1) 

Minimally grazed 
pastureland 

Every week 17.8 a 0.16 a 0.37 a 17.9 a 102.3 a 
Every other week 17.9 a 0.25 a 0.43 a 18.0 a 118.2 a 
Every third week 18.9 a 0.27 a 0.41 a 19.1 a 112.4 a 

Tallgrass prairie Every week 17.6 a † - 0.41 a 17.7 a 107.5 a 
Every other week 16.1 a - 0.46 a 16.3 a 122.0 a 
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Every third week 14.2 b - 0.36 a 14.3 b 95.9 a 

Conventionally 
tilled soybean 

Every week 17.3 a 12.5 a 0.49 a 17.8 a 479.8 a 
Every other week 17.2 a 14.2 a 0.80 a 17. a 612.2 a 
Every third week 18.2 a 17.0 a 0.53 a 18.8 a 620.9 a 

Conservation-tilled 
soybean 

Every week 12.3 b 0.008 a 0.10 a 12.3 b 21.3 a 
Every other week 12.8 ab 0.009 a 0.18 a 12.9 ab 39.0 a 
Every third week 13.9 a 0.019 a 0.09 a 13.9 a 20.3 a 

Conservation-tilled 
cotton 

Every week 17.9 b - 0.56 a 18.0 b  147.9 a 
Every other week 20.7 a - 0.62 a 20.9 a 164.8 a 
Every third week 20.9 a - 0.83 a 21.1 a 220.9 a 

† Means in a column within an ecosystem with different lower-case letters are different at p < 0.1. 

Similar to the minimally grazed pasture, but unlike the tallgrass prairie, season-long 
CO2, CH4, and N2O emissions were similar among the weekly, every-other-week, and 
every-third-week measurement frequencies and were similar among three, four, or five 
replications from the conventionally tilled soybean system in southeast Arkansas (Tables 
4 and 5). The lack of treatment effects on GHG emissions in the conventionally tilled soy-
bean system suggests that both the temporal and spatial variability were minimal in the 
conventionally tilled soybean system. Similar to the conventionally tilled soybean system, 
season-long CH4 and N2O emissions were unaffected (p > 0.1) by measurement frequency 
and season-long CO2 and N2O emissions were unaffected (p > 0.1) by replication from the 
conservation-tilled soybean system (Table 4). However, in contrast to the conventionally 
tilled soybean system, season-long CO2 emissions from the conservation-tilled soybean 
system were 1.1 times (13%) greater for the every-third-week than weekly measurement 
frequency, while season-long CO2 emissions for the every-other-week measurement fre-
quency were intermediate and similar to that from both the every-third-week and weekly 
measurement frequencies (Tables 4 and 5). Similar to CH4 from the minimally grazed pas-
ture, season-long CH4 emissions from the conservation-tilled soybean system were at least 
7.5 times greater with four and five replications, which did not differ, than with three 
replications (Figure 1). 

Similar to the conservation-tilled soybean system, season-long N2O emissions were 
unaffected (p > 0.1) by measurement frequency and replication, while season-long CO2 
emissions were 1.2 times (16%) greater for the every-other-week and every-third-week, 
which did not differ, than the weekly measurement frequency from the conservation-
tilled cotton system (Table 4). Like the tallgrass prairie, there were insufficient data (i.e., 
only one of four replications of the unamended control treatment had one or more signif-
icantly positive measured fluxes for the whole growing season) to formally test season-
long CH4 emissions from the conventionally tilled cotton system due to the lack of an 
extended period of soil saturation (Table 4). However, for both the tallgrass prairie and 
conservation-tilled cotton systems, since season-long CH4 emissions were zero, season-
long CH4 emissions were not included in the GWP estimates. Season-long N2O emissions 
were unaffected (p > 0.1) by measurement frequency and replication in each of the five 
ecosystems evaluated (Table 4). 

Compared to the weekly measurement frequency with five spatial replications, 
which was the most robust data set collected among all five ecosystems, averaged across 
number of replications, season-long CH4 and N2O emissions for the every-other-week and 
every-third-week data sets for each of the five ecosystems evaluated did not differ from 
the weekly data set (Tables 4 and 5). Thus, despite CH4 and N2O having greater impacts, 
on a molecule-by-molecule basis, on atmospheric heat absorption than CO2, it appears 
that a reduction in measurement frequency from weekly may be a reasonable time and/or 
resource compromise to make, if necessary. Furthermore, this recommendation is partic-



Gases 2026, 6, 32 13 of 26 
 

https://doi.org/10.3390/gases6030032 

ularly justified considering the three to more than five orders of magnitude lower CH4 
and N2O emissions compared to the magnitude of season-long CO2 emissions (Table 5). 

Similar to CH4 and N2O, season-long CO2 emissions for the minimally grazed pasture 
and conventionally tilled soybean systems from the every-other-week and every-third-
week data sets did not differ from the weekly data set (Table 5). However, in contrast to 
CH4 and N2O, season-long CO2 emissions were significantly lower from the every-third-
week data set in the tallgrass prairie, greater from the every-third-week data set in the 
conservation-tilled soybean, and greater from both the every-other-week and every-third-
week data sets in the conservation-tilled cotton system (Table 5). Consequently, despite 
weekly measurements requiring greater time and resource commitment to achieve, reduc-
ing the measurement frequency from weekly significantly over- or under-estimated sea-
son-long CO2 emissions in one grassland and two agroecosystems among the five total 
ecosystems evaluated in this study. With the orders of magnitude greater season-long CO2 
compared to CH4 and N2O emissions, which accounted for >97% of all GWP estimates 
across all five ecosystems and measurement frequencies (Table 5), over- or under-estimat-
ing season-long CO2 emissions could introduce substantial numeric inaccuracies for GWP 
estimates. 

Regarding N2O specifically in the absence of simultaneous CO2 and CH4 measure-
ments, Lammirato et al. [35] reported that the largest variation in the accuracy of N2O 
emissions estimates occurred when the measuring frequency was reduced from daily or 
sub-daily or increased to every second or third day. Thus, considering N2O emissions es-
timates alone, weekly measurements, as were used as the most frequent GHG measure-
ment frequency in the current study, may have already been too low of a measurement 
frequency if trying to assess effects of only N2O emissions estimates. However, the current 
study purposefully examined effects on simultaneous CO2, CH4, and N2O measurements 
as a group, rather than examine effects on single-gas responses. Furthermore, Parkin and 
Venterea [45] indicated that weekly sampling to measure GHGs represents an ideal fre-
quency during the growing season in an agricultural setting. 

Similar to measurement frequency, compared to weekly measurements with five spa-
tial replications, averaged across measurement frequency, season-long CO2 and N2O 
emissions from the three-replication data set for each of the five ecosystems evaluated did 
not differ from the four- or five-replication data set (Table 4). Similarly, season-long CH4 
emissions from the three-replication data set for the conventionally tilled soybean system 
did not differ from the four- or five-replication data set (Tables 4 and 5). However, the 
three-replication data set significantly under-estimated season-long CH4 emissions for the 
minimally grazed pasture and conservation-tilled soybean systems, for which the four- 
and five-replication data sets were similar (Table 4; Figure 3). 

It appears that reducing the number of spatial replications, at least for season-long 
CH4 emissions estimations in one grassland and one agroecosystem among the five total 
ecosystems evaluated in this study, created compromised results. Consequently, though 
reducing the number of spatial replications out of necessity may be sufficient for assessing 
relative differences among ecosystems or field treatments, it may not be advisable to re-
duce the number of spatial replications to only three for all measurement dates when 
planning for season-long GHG emissions estimates. However, in this study, positive CH4 
concentrations (i.e., measured CH4 efflux) were sporadic across the growing season in all 
five ecosystems evaluated. Soil water contents rarely achieved the requisite level and du-
ration to stimulate methanogenesis, resulting in many weeks where CH4 fluxes were ei-
ther zero or negative, in which the negative fluxes were reassigned to a small positive 
value. Thus, creating a resulting data set used in the current study with little variation, 
but with a few spatially and temporally random, but highly influential fluxes likely 
skewed statistical analyses some. In a climatically wetter growing season and/or in an en-
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vironment where soil water contents were at or near saturation for extended durations 
(i.e., in a flooded rice field), CH4 emissions may be more stable in time and space and less 
sensitive to reduced replication. Despite the semi-frequent furrow-irrigation management 
among all three agroecosystems, the magnitude of N2O emissions was relatively small 
and was consistently unaffected by measurement frequency and replication (Table 5), 
which was somewhat contrary to what was expected. 

 

Figure 3. Summary of the effect of replication, averaged across measurement frequency, on season-
long methane (CH4) emissions from the minimally grazed pasture and season-long CH4 emissions 
and reduced GWP (GWP*), excluding carbon dioxide, from the conservation-tilled soybean agroe-
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cosystem in Arkansas during 2024. Bars within a panel with different lower-case letters are different 
at p ≤ 0.1. 

Few studies have formally evaluated the potential effects of the number of spatial 
replications on response variables, particularly GHG emissions. However, using a suite 
of 20 near-surface soil properties, the degree of potential observation (i.e., replication) re-
duction that could maintain the ability to identify significant differences was evaluated at 
15-m intervals along a 60-m line transect in multiple prairie ecosystems with silt-loam 
soils in the Ozark Highlands of northwest Arkansas and in the Grand Prairie region of 
east-central Arkansas [58]. The ability to identify significant treatment differences was 
generally maintained when reducing the number of spatially independent observations 
from five to four [58]. However, three or fewer observations resulted in a non-significant 
treatment effect for more than 25% of the soil properties, including SOM, total C, and total 
N, when the original five-observation data set identified a significant treatment effect [48]. 
Thus, consistent with results of the current study, three spatially independent replications 
appear to be marginal to achieve accurate results and may result in compromised inter-
pretations and inferences. 

3.2. Global Warming Potentials 

Similar to season-long GHG emissions, at least one of the two GWP estimates were 
affected (p ≤ 0.1) by measurement frequency or replication in three of five ecosystems, 
except for the conventionally tilled soybean system and the minimally grazed pasture, for 
which both GWP estimates were unaffected (p > 0.1) by measurement frequency and rep-
lication (Table 4). In the tallgrass prairie, two-gas GWP* was unaffected (p > 0.1) by meas-
urement frequency and both GWP estimates were unaffected (p > 0.1) by replication (Table 
4). However, in the tallgrass prairie, three-gas GWP was at least 1.1 times (12%) greater 
with the weekly and every-other-week data sets, which did not differ, than with the every-
third-week data set (Table 5). 

Similar to the tallgrass prairie, GWP* quantification was unaffected (p > 0.1) by meas-
urement frequency and GWP quantification was unaffected (p > 0.1) by replication in the 
conservation-tilled soybean system (Table 4). However, in contrast to the tallgrass prairie, 
GWP in the conservation-tilled soybean system was 1.1 times (13%) greater with the 
every-third-week than with the weekly data set, while GWP with the every-other-week 
data set was intermediate and similar to that from both the weekly and every-third-week 
measurement frequencies (Tables 4 and 5). Similar to season-long CH4 emissions from the 
minimally grazed pasture and conservation-tilled soybean systems, GWP* in the conser-
vation-tilled soybean was at least 3.6 times greater with four and five replications, which 
did not differ, than with three replications (Figure 3). 

Similar to the tallgrass prairie, GWP* in the conservation-tilled cotton system was 
unaffected (p > 0.1) by measurement frequency and both GWP estimates were unaffected 
(p > 0.1) by replication (Table 4). However, somewhat similar to the conservation-tilled 
soybean system, GWP was at least 1.2 times (16%) greater with the every-other-week and 
every-third-week data sets, which did not differ, than with the weekly data set in the con-
servation-tilled cotton system (Table 5). In contrast to the other three ecosystems, both 
GWP estimates were similar among the weekly, every-other-week, and every-third-week 
measurement frequencies and were similar among three, four, or five replications in the 
minimally grazed pasture and conventionally tilled soybean systems (Tables 4 and 5). The 
reduced GWP estimate (GWP*) was unaffected (p > 0.1) by measurement frequency in all 
five ecosystems evaluated (Table 4). 

Similar to season-long CH4 and N2O emissions, the reduced, two-gas GWP* estimate, 
excluding CO2, for the every-other-week and every-third-week data sets did not differ 
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from the weekly data set for each of the five ecosystems evaluated (Tables 4 and 5). This 
result makes sense considering the large magnitude of season-long CO2 emissions com-
pared to that of CH4 and N2O, whereas CO2 accounted for 94 to 99.9% of the three-gas 
GWP estimate across all five ecosystems evaluated in this study. Large proportions of the 
estimated GWP attributed to CO2 are corroborated by previous work in Arkansas, where, 
in a production-scale, furrow-irrigated rice (Oryza sativa) field in east-central Arkansas on 
a silt-loam soil (Typic Albaqualfs), Della Lunga et al. [48] documented that, averaged 
across site positions, CO2 comprised 55 to 85% and 71 to 83% of the three-gas GWP from 
conventional tillage (CT) and no-tillage (NT), respectively, based on the static-chamber 
method for GHG concentration determination. Furthermore, Della Lunga et al. [48] doc-
umented that, averaged across tillage treatments, CO2 comprised 69 to 92%, 68 to 97%, 
and 65 to 87% of the three-gas GWP from the up-, middle-, and down-slope regions, re-
spectively, of a production-scale, furrow-irrigated rice field. 

Similar to season-long CO2 emissions, the three-gas GWP estimate for the minimally 
grazed pasture and conventionally tilled soybean systems from the every-other-week and 
every-third-week did not differ from the weekly data set (Table 5). However, consistent 
with season-long CO2 emissions as a result of the overwhelmingly large contribution of 
CO2, the three-gas GWP estimate was significantly lower from the every-third-week data 
set in the tallgrass prairie, greater from the every-third-week data set in the conservation-
tilled soybean, and greater from both the every-other-week and every-third-week data 
sets in the conservation-tilled cotton systems (Table 5). Consequently, relative to the most 
robust GHG emissions data sets collected (i.e., weekly measurements with five spatial 
replications), GWP estimates were compromised with inconsistency for one grassland and 
two agroecosystems among the five total ecosystems evaluated in this study. 

Similar to season-long CO2 and N2O emissions, averaged across measurement fre-
quency, the three-gas GWP estimate from the three-replication data set for each of the five 
ecosystems evaluated did not differ from the four- or five-replication data set (Table 4). 
Similarly, two-gas GWP* estimates from the three-replication data set for the minimally 
grazed pasture, tallgrass prairie, and conventionally tilled soybean, and conservation-
tilled cotton systems did not differ from the four- or five-replication data set (Table 4). 
However, similar to season-long CH4 emissions and despite CH4 accounting for between 
0 and 100% of the two-gas GWP* estimates across all five ecosystems, the three-replication 
data set significantly under-estimated the two-gas GWP* estimate for the conservation-
tilled soybean system, for which the four- and five-replication data sets were similar (Ta-
ble 4; Figure 3). It should be noted that there were no CH4 emissions measured from 1, 5, 
0, 0, and 3 and no N2O emissions measured in 0, 0, 0, 1, and 0 of the four or five spatial 
replications for the minimally grazed pasture, tallgrass prairie, conventionally tilled soy-
bean, and conservation-tilled soybean and cotton systems, respectively, potentially skew-
ing the results for the effect of replication on GWP*. Similar to results of the current study, 
Della Lunga et al. [48] also reported large ranges for CH4 and N2O proportions of the 
three-gas GWP, where, averaged across site positions, CH4 comprised <1 to 62% and <1 to 
13% and N2O comprised 13 to 43% and 16 to 32% of the three-gas GWP from CT and NT, 
respectively, of a production-scale, furrow-irrigated rice field. Furthermore, averaged 
across tillage treatments, CH4 comprised 1 to 4%, <1 to 3%, and 2 to 31% and N2O com-
prised 5 to 29%, 2 to 30%, and 4 to 13% of the three-gas GWP from the up-, middle-, and 
down-slope regions, respectively [48]. 

With the exception of GWP* for the conservation-tilled soybean system, the three-
replication data set provided statistically similar results as the four- and five-replication 
data sets for the three-gas GWP in all five ecosystems evaluated and for GWP* in the other 
four ecosystems (Table 4). Consequently, despite season-long CO2 emissions in both grass-
land and agroecosystems differing among measurement frequencies, the integration of 
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season-long CO2, CH4, and N2O emissions to calculate the single GWP or GWP* metric 
did not appear to be systematically affected by measurement frequency or replication to 
greatly compromise the consistency of GPW or GWP* estimates. 

Similar to that hypothesized, among the five ecosystems evaluated, the furrow-irri-
gated agroecosystems had more significant effects of measurement frequency and/or rep-
lication than did the grasslands, though some differences occurred in the grasslands and 
some non-significant effects also occurred in the agroecosystems. It is likely that the gen-
erally more stable environmental conditions, specifically soil moisture, in the two grass-
land ecosystems contributed to fewer significant effects and less sensitivity to measure-
ment-frequency reduction, as the grasslands in northwest Arkansas have permanent 
ground cover to reduce soil moisture variations and, on average, experience a slightly 
cooler and drier climate than do the agroecosystems in southeast Arkansas. Conversely, 
the periodic furrow-irrigation in the three agroecosystems contributed to greater soil 
moisture fluctuations, in which climatic conditions (i.e., warmer than the grasslands) pro-
moted large soil moisture variations due to evaporation, as the soil surface is only partially 
covered with vegetation. Previous studies have demonstrated stimulation of soil respira-
tion and denitrification by soil moisture fluctuations in the greenhouse [60] and in the field 
[47]. 

Though results of this study were purposefully not formally compared among the 
five ecosystems evaluated, it is possible that variations in initial soil properties (Table 2), 
which were also purposefully not formally compared among the ecosystems, may have 
played a role in how measurement frequency and/or replication affected GHG emissions 
and/or GWP estimates. For example, few differences occurred in the two soybean systems, 
which also had the numerically lowest SOM and TC contents and numerically large soil 
pHs (Table 2) among the five ecosystems. The combination of SOM and soil pH in the two 
soybean systems may have been less conducive for microbial activity to produce and re-
lease GHGs than in the other ecosystems. The tallgrass prairie had the numerically largest 
initial SOM and TC contents among the five ecosystems, but, though not directly com-
pared, the resulting season-long CO2 emissions and GWP estimates were numerically in-
termediate among the other ecosystems (Table 5) with lower initial SOM and TC contents 
(Table 2). The near-surface distribution of sand, silt, and clay, and resulting silt-loam soil 
texture were all similar among the five ecosystems (Table 2), yet magnitudes of season-
long GHG emissions and GWP estimates, though not formally compared among one an-
other, numerically varied widely among the five ecosystems (Table 5), demonstrating the 
substantial impacts landuse can have on GHG metrics. Though beyond the scope of the 
present study, investigating the effects of soil property variations on GHG production and 
release is warranted. 

The reassignment of originally negative gas-flux estimates to a small, positive value 
to represent gas efflux rather than net ecosystem exchange could have affected season-
long GHG emissions and GWP estimate results, particularly in ecosystems where signifi-
cantly positive CH4 and N2O fluxes are relatively rare. Season-long GHG emissions and 
GWP estimates could be over-estimated when negative CH4 and N2O fluxes are not ac-
counted for. While important, assessing effects of measurement frequency and spatial rep-
lications on net GHG emissions were beyond the scope of this current study. However, 
using the same instrumentation and measurement procedures and in similarly textured 
alluvial soils, a recent study in soybean [61] in southeast Arkansas demonstrated no dif-
ferences in season-long CO2 and CH4 emissions and GWP estimates between inclusion of 
negative fluxes or reassigning negative fluxes with linear or exponential regression equa-
tions, with minor differences for N2O. Furthermore, using the same instrumentation and 
measurement procedures and in similarly textured alluvial soils, a recent study in cotton 
[40] in southeast Arkansas demonstrated no differences in season-long CO2 and N2O emis-
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sions and GWP estimates between inclusion of negative fluxes or reassigning negative 
fluxes with linear or exponential regression equations, with minor differences for CH4. 
Thus, reassigning originally negative fluxes to a small, positive value does not appear to 
have a consistent nor substantial effect on season-long GHG emissions or GWP estimates 
across multiple row crops. 

Throughout the growing season, gas measurements on a given measurement date 
were also conducted at different times of the day among the five ecosystems, which was 
another reason why ecosystem results were not directly compared to one another. Air 
temperature variations that lead to soil temperature variations occur throughout the day 
that can affect soil moisture and microbial activity, potentially leading to systematic bias 
towards greater or lower gas fluxes solely due to the time of day that measurements were 
conducted. However, as often as possible, gas measurements were conducted during a 
period of each day when the mean daily air temperature occurred, which is the recom-
mended protocol when possible [45], to minimize the potential effects of time of day on 
resulting gas fluxes. 

Furthermore, though significance was judged at p ≤ 0.1 based on expected variability 
from prior direct field measurements, of the nine significant response variables, only one 
response variable (p = 0.06; Table 4) would have had a different statistical interpretation 
had a threshold of p ≤ 0.05 been used to judge significance. Consequently, significant re-
sults identified at p ≤ 0.1 and presented essentially did not change had significance been 
judged at p ≤ 0.05, justifying the original procedures. 

3.3. Uncertainty Analyses 

To evaluate uncertainty, standard errors (SEs) of the mean were calculated for GHG 
emissions and GWPs, averaged across replications, due to the greater effects of measure-
ment frequency than replication from the statistical analyses (Table 4). While SEs of the 
mean and effect size were not formally compared among measurement frequency or 
across ecosystems, trends and magnitude determined for weekly, every-other-week, and 
every-third-week frequencies for season-long emissions and GWPs provided essential in-
formation to determine how the precision and consistency of the statistical models 
changed across the various levels of the fixed factor (i.e., measurement frequency; Table 
6). Assessment of the effect size across fixed factors helped to determine if statistical dif-
ferences carried practical significance (Table 7). 

Table 6. Summary of the standard errors of the mean for measurement frequency, averaged across 
replications, for season-long carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) emissions, 
three-gas global warming potential (GWP), and reduced GWP (GWP*). 

Ecosystem 
Measurement  

Frequency 

Season-Long Emissions (kg ha−1) 
GWP  

(Mg ha−1) 
GWP*  

(kg ha−1) CO2 

(Mg ha−1) 
CH4 

(kg ha−1) 
N2O 

(kg ha−1) 

Minimally grazed 
pastureland 

Every week 0.67 0.06 0.11 0.70 32.2 
Every other week 0.68 0.11 0.13 0.71 37.1 
Every third week 0.72 0.16 0.13 0.75 35.3 

Tallgrass prairie 
Every week 0.52 - 0.09 0.54 24.0 

Every other week 0.59 - 0.10 0.61 27.0 
Every third week 0.52 - 0.08 0.54 21.2 

Conventionally 
tilled soybean 

Every week 0.76 9.11 0.09 1.0 139.5 
Every other week 0.76 10.35 0.16 0.84 177.9 
Every third week 0.80 12.41 0.11 0.74 180.5 

Conservation-tilled 
soybean 

Every week 0.41 <0.01 0.04 0.41 9.2 
Every other week 0.43 <0.01 0.07 0.43 16.9 
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Every third week 0.47 <0.01 0.04 0.47 8.7 

Conservation-tilled 
cotton 

Every week 0.32 - 0.11 0.32 29.6 
Every other week 0.37 - 0.12 0.37 33.0 
Every third week 0.37 - 0.17 0.38 44.3 

Table 7. Summary of the effect size (η2) of measurement frequency, replication, and their interaction 
from the ANOVA models for season-long carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) 
emissions, three-gas global warming potential (GWP), and reduced GWP (GWP*) excluding CO2 
within several different ecosystems across Arkansas during 2024. 

Ecosystem Source of Variation 
Effect size (η2) 

CO2 CH4 N2O GWP GWP* 

Minimally grazed 
pastureland 

Frequency 0.04 0.01 0.01 0.04 0.01 
Replication 0.08 0.06 0.05 0.08 0.05 
Frequency × Replication 0.01 0.01 0.01 0.01 0.01 

Tallgrass prairie 
Frequency 0.19 - 0.01 0.19 0.01 
Replication 0.03 - 0.01 0.03 0.01 
Frequency × Replication 0.01 - 0.01 0.01 0.01 

Conventionally 
tilled soybean 

Frequency 0.03 0.01 0.12 0.02 0.01 
Replication 0.02 0.01 0.05 0.02 0.01 
Frequency × Replication 0.01 0.01 0.01 0.01 0.01 

Conservation-tilled 
soybean 

Frequency 0.15 0.01 0.05 0.15 0.04 
Replication 0.02 0.06 0.13 0.03 0.13 
Frequency × Replication 0.01 0.01 0.02 0.01 0.02 

Conservation-tilled 
cotton 

Frequency 0.67 - 0.11 0.67 0.11 
Replication 0.02 - 0.03 0.03 0.03 
Frequency × Replication 0.01 - 0.01 0.01 0.01 

A numeric increase in SE for CO2 emissions occurred in all ecosystems when the 
measurement frequency was reduced from weekly to every-other-week and from every-
other-week to every-third-week, except in the tallgrass prairie where the SE for every-
third-week was numerically identical to that for weekly frequency (Table 6). Reducing the 
measurement frequency from weekly to every-other-week resulted in a numeric SE in-
crease of 1, 14, 1, 5, and 16% in the minimally grazed pastureland, tallgrass prairie, con-
ventionally tilled soybean, conservation-tilled soybean, and conservation-tilled cotton, re-
spectively (Table 6). A numeric SE increase of 7, 14, 5, 13, and 17% also occurred in the 
minimally grazed pastureland, tallgrass prairie, conventionally tilled soybean, conserva-
tion-tilled soybean, and conservation-tilled cotton, respectively, when measurement fre-
quency was reduced from weekly to every-third-week (Table 6). The SE trends for season-
long CO2 emissions (Table 6) aligned with the statistical differences reported in the current 
study (Table 5) and suggested that the loss of precision in the assessment of CO2 emissions 
when measurement frequency was reduced can misrepresent soil respiration fluctuations. 
When linear interpolation is applied to longer time intervals between measurements (i.e., 
reduced measurement frequency), the variance of the data set is redistributed across the 
interpolated trend [62]. In such scenarios, soil respiration processes characterized by 
peaks and troughs that can only partially be captured with a reduced measurement fre-
quency can lead to a greater divergence from the real population mean [62]. 

Standard errors for season-long CH4 emissions followed a similar trend to that for 
CO2 emissions, although a greater magnitude of difference occurred when measurement 
frequency was reduced (Table 6). A numeric SE increase of 83 and 36% occurred when 
measurement frequency was reduced from weekly to every-other-week and a numeric SE 
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increase of 160 and 36% occurred between weekly and every-third-week frequency in the 
minimally grazed pastureland and the conventionally tilled soybean ecosystems, respec-
tively (Table 6). The mainly aerobic conditions of the ecosystems likely limited methano-
genic activities to temporally and spatially isolated events. The sporadic nature of CH4 
production substantially impacted the consistency of CH4 emissions estimates when 
measurement frequency occurred on a frequency less than weekly (Table 6), although the 
practical significance of CH4 emissions from upland cropping systems is low when meas-
urement protocols are aimed to capture the true population mean across fixed factors due 
to the often lacking requisite conditions for methanogenesis. 

Compared to CO2 and CH4, SEs for N2O emissions showed a more complex and dy-
namic trend across ecosystems (Table 6). The SE for the every-third-week frequency was 
numerically identical or lower than the SE for the every-other-week frequency in all eco-
systems, except for the conservation-tilled cotton system (Table 6). Additionally, in the 
tallgrass prairie, minimally grazed pastureland, and conservation-tilled soybean systems, 
the SE for the every-third-week frequency was numerically identical or lower than the SE 
for the weekly frequency (Table 6). Nitrification and denitrification processes have often 
been associated with the phenomenon of hot spots, where rapid N2O production and re-
lease can occur in small, spatially isolated portions of the near-surface soil profile or across 
a field, resulting in a N2O burst that temporally can appear to be random and potentially 
uncorrelated with long-term trends [63]. Assessment of N2O emissions SEs suggests that 
the measurement frequency should be tailored to the specific conditions of an ecosystem 
and indicates that linear interpolation between temporal segments should be as short as 
possible [35] to avoid under-estimations of the true population mean (Table 6). The SE 
trends for GWP and GWP* were similar to results for CO2 and N2O emissions, respectively, 
due to the predominant role of CO2 and N2O emissions in the GWP and GWP* calculations, 
respectively (Table 6). 

The evaluation of effect size within the ANOVA models was conducted using the 
numeric range of values between 0.01 and 0.13, between 0.13 and 0.25, and >0.26 to repre-
sent a small, medium, and strong effect, respectively [64]. The effect size for the interaction 
term (i.e., frequency × replication) had a small effect across all ecosystems (Table 7). A 
medium effect size occurred for measurement frequency for CO2 emissions and GWP in 
the tallgrass prairie and conservation-tilled soybean ecosystems and occurred for replica-
tion for N2O emissions and GWP* in the conservation-tilled soybean system (Table 7). The 
only strong effect size occurred for measurement frequency for CO2 emissions and GWP 
in the conservation-tilled cotton system (Table 7). Consequently, the effect-size analysis 
across the fixed factors suggested that the levels of measurement frequency considered in 
the current study played a minor role in the data variability, reinforcing the validity of the 
procedures used in the current study. 

The predominance of small effect sizes across ecosystems, sources of variation, and 
response variables (Table 7) contradicts several statistically significant results (Table 4), 
which reinforce that some significant differences carry little practice significance. How-
ever, significant differences that were identified with small effect sizes should not be dis-
counted and suggest that, with a greater number of observations perhaps, the practical 
importance may increase through the effect-size analysis, which gives researchers and 
practitioners more information to use to make well-informed decisions. 
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3.4. Implications 

Based on season-long GHG emissions and GWP estimations, agriculture’s contribu-
tions to regional and global climate change have been reported to be substantial 
[21,31,65,66]. However, assessments of agriculture’s impact on climate change require ac-
curate field measurements of GHG concentrations [28,30] followed by sound GHG flux-
determination methods [28] before scaling to whole-field and season-long GHG emissions 
and GWP estimations. If reductions in measurement frequency and/or spatial replication 
are made, whether out of necessity due to time constraints [1] and/or other resources or 
due to convenience, agriculture’s true contributions to and effects on climate change may 
be mis-represented, potentially in either direction (i.e., greater or lower than the true value) 
[29], and lead to invalid GHG inventories and/or mis-leading benefits of mitigation strat-
egies [34,35]. 

Results of the current study, where effects of simultaneous CO2, CH4, and N2O meas-
urements were examined, rather than examining effects on single-gas measurements, 
clearly demonstrated that reducing the in-field measurement frequency from weekly to 
every-other-week or every-third-week affected season-long CO2 emissions (Tables 4 and 
5) and three-gas GWP estimates. However, the current study was partially limited by not 
examining all possible combinations of replication reduction, such that results may have 
differed if a different combination of replicates were chosen for elimination from the eval-
uated data sets. Replication reduction not only changes the estimate of the mean, but also 
changes the uncertainty associated with the mean, but may not always result in greater 
uncertainty depending on which replicates were removed from the data set, as sometimes 
uncertainty could actually decrease. Furthermore, though reduced-frequency data sets 
were generated by systematically removing measurement dates from the original weekly 
data sets, it was possible that short-term gas-flux peaks from rainfall, irrigation, and/or 
field management (i.e., fertilizer-N addition) events may have been excluded. However, 
no major rainfall or fertilizer application event that would have been expected to poten-
tially influence season-long gas emissions results occurred immediately prior to gas meas-
urements in this study that were subsequently removed to create the frequency-reduced 
data sets. Regardless, caution needs to be applied when considering an appropriate in-
field measurement frequency and number of spatial replications to quantify GHG emis-
sions and GWP using current, state-of-the-art, field-portable GHG analyzers [35]. 

The current preliminary study conducted direct, in-field measurements across five 
diverse ecosystems to address potential effects of measurement frequency and spatial rep-
lication on GHG metrics. McGinn [30] reported that direct, in-field measurements are in-
dispensable for proper GHG emissions inventories and uncertainty assessments. Further-
more, understanding the sources of uncertainty are critical to guiding policy and devel-
oping and evaluating climate-change mitigation strategies [30,32–35]. 

The ecosystems included in this study were not formally compared due to differences 
in measurement time of day and growing season duration, which could have introduced 
systematic basis. Summing daily gas emissions over a longer period of time for longer 
growing seasons would clearly numerically increase season-long emissions and GWP es-
timates compared to growing seasons with shorter durations, thus adding complications 
when trying to formally compare GHG metrics across contrasting ecosystems unless the 
monitoring period is controlled. Furthermore, less frequent measurements may be im-
pacted by evolving crop growth stages over the course of a growing season, particularly 
for the agroecosystems. Brye et al. [61] evaluated the impacts of gas-flux-determination 
method on GHG emissions among soybean growth stages and reported that CO2 and CH4 
emissions and GWP estimates varied among soybean growth stages, averaged across gas-
flux-determination method, in southeast Arkansas. However, the frequency of consistent 
similar responses across ecosystems were identified and presented as evidence of the ef-
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fects of temporal measurement frequencies and spatial replication on GHG emissions and 
GWP estimates. Additional observations and analyses need to be conducted in subse-
quent steps beyond this study’s preliminary assessment to confirm results. 

4. Conclusions 
To address potential inaccuracies in results from a reduction in measurement fre-

quency and/or a reduction in the number of spatial replications, the objective of this field 
study was to evaluate the effects of measurement frequency (i.e., weekly, every other 
week, and every third week), replication (i.e., three, four, or five), and their interaction on 
the consistency of season-long CO2, CH4, and N2O emissions and GWP estimates, based 
on direct, in-field measurements, separately within five diverse ecosystems (i.e., mini-
mally grazed pasture, tallgrass prairie, soybean under conventional and conservation 
management practices, and cotton under conservation management) using measurements 
conducted with current, state-of-the-art, field-portable, relatively rapid, GHG analyzers 
throughout the 2024 growing season in Arkansas. However, for a variety of reasons, this 
study had several limitations, namely (i) the lack of inclusion of multiple independent 
fields associated with each study location, such that the different frequencies and replica-
tion levels evaluated were derived from sub-sets of the original data set at each location, 
(ii) not all possible sub-set combinations of replications were evaluated, (iii) variations in 
measurement times among ecosystems occurred, and (iv) the reassignment of negative 
estimated fluxes to a small, positive value for statistical analysis purposes. Regardless, 
though preliminary with additional steps needed to confirm results, results from this 
study were unique and novel in that season-long GHG emissions and GWP estimates, 
from the simultaneous measurement of CO2, CH4, and N2O, for the same growing for 
multiple ecosystems were included and evaluated. 

As was hypothesized, season-long CO2 emissions from less frequent measurements 
than weekly differed from weekly measurements, resulting in data inaccuracies in three 
of five ecosystems evaluated. However, in contrast to the initial hypothesis, season-long 
CH4 and N2O emissions from every-other-week and every-third-week measurements did 
not differ from weekly measurements in all five ecosystems evaluated. In contrast to that 
hypothesized, reducing the number of replications from four or five to three did not affect 
the majority of response variables across the five ecosystems evaluated. Similar to that 
hypothesized, when significant differences were identified, the furrow-irrigated agroeco-
systems had more significant effects of measurement frequency and/or replication than 
did the grasslands. Results indicate that, for CO2 emissions and three-gas GWP estimates, 
weekly field measurements with at least four replications, while, for CH4 and N2O emis-
sions, excluding CO2, an every-other-week or every-third-week measurement frequency 
with four replications is reasonably adequate to achieve consistent results. Despite several 
study limitations, it is clear that, even using current, state-of-the-art, field-portable, rela-
tively rapid GHG analyzers, an appropriate in-field measurement frequency and number 
of spatial replications need to be considered to simultaneously quantify whole-field, sea-
son-long CO2, CH4, and N2O emissions and GWP estimates. 
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