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Abstract

Closed static chambers are frequently adopted for estimating gas fluxes across environmental interfaces. In this
study we assessed the effects of three gas sampling rates and two methods of chamber placement in fertirrigated
soils for estimating nitrous oxide (N,O) emissions, using chambers with similar design and on-site gas
chromatography. The soils under analysis were fertirrigated with (liquid) digested swine manure at three
different doses. The results indicate that N,O flux estimates are firmly determined by the chosen sampling rate,
chamber placement, chamber design, and the emission magnitude itself. N,O fluxes were best estimated by
faster sampling rates while gently placing the chamber at the soil surface due to conspicuous N,O emissions and
relatively small chamber volume. A generalized chamber accumulation model developed by normalizing the
dataset was used to illustrate effects on expected “low unforced-chamber”, “high unforced-chamber” and “high
forced-chamber” fluxes. We concluded that it is possible to adopt simple design and low-disturbing chambers
with sufficient volume, height, and surface area for determining gaseous emissions across soil-air interfaces.
Nevertheless, critical on-site gas sampling rate adjustment (by gas chromatography or other as precise real-time
measuring device) is critical to avoid estimation inaccuracies in emission estimates.

Keywords: agroecosystems, greenhouse gases, climate change, agroforestry-livestock integration, sustainable
production

1. Introduction

Nitrous oxide (N,O) is a powerful greenhouse gas with an assigned Global Warming Potential three decades
greater (298) than that of carbon dioxide, in a 100-year time horizon (Forster et al., 2007). The atmospheric
molar fraction of N,O has been considerably increasing since the last century, and anthropogenic contributions
are associated particularly to manure and mineral N fertilizer application to soils for food production (Davidson,
2009). As a result, there are growing national incentives for the development of N,O emission mitigation
strategies, which include increasing efficiency of N use in crop production (Burney, J. A., Davisc, S. J., &
Lobella, D. B., 2010) and improved manure management in livestock systems (Oenema, 2005).

A practical strategy from the point of view of sustainability is the integration of livestock systems to agriculture
in the same landscape, converting environmental externalities (manure) into renewable energy, which is useful to
improve nutrient cycling and economic profitability for agroecosystems. From this perspective, the most
promising approach is the anaerobic biodigestion that provides biogas and liquid fertilizer rich in macro and
micronutrients (Massé, D. 1., Talbot, G., & Gilbert Y., 2003; Bergier et al., 2012). For instance, digested swine
manure applied to agroecosystem may emit less N,O per unit N applied, because the recalcitrant organic carbon
in the digested manure can reduce the denitrification of NO; in soils (Velthof, G. L., Kuikman, P. J., & Oenema,
0., 2003; Chantigny et al., 2007). However, the amount of N applied to soils shall be carefully controlled in
coherence with soil nutritional status and crop demands to avoid N atmospheric emissions, N runoff to surface
waters, and N leaches to groundwater (Sutton et al., 2011).

For successfully accomplishing best practices in the integration of agriculture to livestock systems, a
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well-designed monitoring approach must be implemented for modeling, hence simulating scenarios to achieve
“best” configuration system performance. We have initiated a long term monitoring program for evaluating the
application of digested swine manure over an integrated agroecosystem including forestry (eucalyptus),
no-tilling crop rotation, and cultivated pasture. By improving soil fertilization it is expected to increase the
productivity of the agroecosystem whilst mitigating nutrient losses to atmospheric, terrestrial, and aquatic
environments. In specific, the N,O monitoring is essential to regulate or develop strategies to accomplish lower
greenhouse gas emissions from the swine-agroecosystem integration.

Although controversial, a low-cost method for estimating fluxes is the acquisition of gas samples from an
enclosed volume (chamber) attached to the soil-air interface (Hutchinson, G. L., & Livingston, G. P., 2001). In
crops with artificial N inputs, chamber and micrometeorological flux estimations (Laville, P., Jambert, C., Cellier,
P., & Delmas, R., 1999) are supposed to capture the connection on N,O fluxes with the soil water filled pore
space and denitrification rate (Singurindy et al., 2009), though it seems that micrometeorological technique is
inadequate for estimating low emissions while chambers can underestimate above average fluxes (Wang et al.,
2013). Chamber artifacts and biases can cause serious errors in gas exchange measurements, but these sources of
error have been well described in the literature and can be minimized or avoided (Davidson et al., 2002). The
difficulties for estimating accurate gaseous emissions are related to i) positive (negative) inner pressure by
chamber compression (gas sampling) (Hutchinson et al., 2001; Davidson et al., 2002; Christiansen et al., 2011),
i) depth of chamber insertion into sandy or clay soils (Hutchinson et al., 2001), iii) manual sampling with no
headspace mixing (Christiansen et al., 2011), and iv) deformation (extinction) of the N,O gradient into the
chamber (Rochette et al., 2011). Contributing to filling these gaps, we show that, for a constant chamber volume
and at relatively high N,O emission rates, forced placement of the chamber, large sampling rate and general
linear regression assumptions may provide underestimated fluxes. We further derive a logistic generalized model
adjusted to a normalized dataset to improve the understanding of user effects on chamber deployments, allowing
minimization of inaccuracies in N,O flux estimates through statistical regression models.

2. Method
2.1 Local Information

Embrapa and an agribusiness cooperative (Cooasgo) has joined efforts to create a demonstration unit for
implementing the first long-term monitoring swine-agroecosystem integration in Brazil. Several parameters will
be obtained over this swine-agroecosystem experiment. The study area is located in Sdo Gabriel do Oeste, Mato
Grosso do Sul estate, in the Upper Taquari River Basin (19°17'26.58"S, 54°36'10.33"W), adjacent to the
Pantanal wetland and over the Guarani Aquifer.

The land-use changes of the Brazilian Cerrado with Embrapa technology have been promoting expressive
increases in the crop productivity over the last 30 years. On the other hand, the Pantanal is one of the largest
wetlands of the world with unique biodiversity. The vast Guarani Aquifer has singular water drinkability and
stores as much water as the whole Amazon basin. Therefore, the technologies of biodigestion and
biogas-to-energy (Rieger, 2006) have been essentially advanced in the region to cope with the disposal of large
quantities of swine manure, reducing impacts over Cerrado soils, Pantanal rivers, and Guarani groundwater. In
addition, the recent integration of intensive swine with renewable energy and grain/beef/wood production has
been viable especially due to significant revenue to both small and medium farmers in cooperatives.

2.2 Swine-Agroecosystem Integration

Figure 1 illustrates the sustainable farm approach integrating intensive swine livestock to agriculture with the
aim to enhance productivity and revenue, while mitigating environmental pollution. The systemic approach
involves the efficient use of an anaerobic digester for continuously produce biogas and liquid digested manure
for fertirrigation (irrigation of large areas with the liquid digested manure). Practically the entire system
following the swine feedlot is operated by renewable energy and fertilizers, minimizing the dependence on fossil
fuel resources (diesel oil and Haber-Bosch reactive N). The flow of liquid manure fertilizer is indicated by green
lines and the biogas flow is represented by blue lines.
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Figure 1. Location of the study site (box above, digital elevation data obtained in
http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp) and schematic description of the integrated
swine-agroecosystem monitored for air, soil and water qualities (box below)

Environmental pollution converted to revenue such as CER (Certified Emission Reduction), renewable energy
(red lines) and integrated crop is indicated by $ clouds. Under local climate conditions and standardized feed
intake, three cycles per year of two thousand swine produces roughly 400 thousand cubic meters of biogas with
50 to 60% as CH,4 by volume. A fraction of the biogas has been burnt for CER while the remainder is easily
directed to produce about 50 kW of continuous power in local diesel-to-biogas adapted generator (Rieger, 2006)
with an energy efficiency of ~40%?. The remaining biogas eventually feeds a diesel-to-biogas adapted hydraulic
pump” to draw liquid fertilizer from the lagoon to a fertirrigation system (450-m dragging hard hose reel with a
gun cart traveler) for dispersing it in a “rainy” mode over stripes of 60 meters width (2.7 hectares per line of
dragging). The annual 7.3 thousand cubic meters of liquid fertilizer about 7.4 ton of organic N-NH, per year can
be applied, for instance, to 20 hectares of integrated forestry/grain-pasture-rotation over two crop seasons,
providing about 180 kg N-NH,-hectare™-crop™ in addition to other important macro (P, K) and micronutrients’.
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2.3 Sampling Procedures

We have delimited three fertirrigated stripes planted with maize in 3 dosage treatment plots of 20 x 20 m over
no-tillage clay (oxisol) soils. The flux dataset was obtained using three static chambers at each plot operated by
three different users in the same time of 10™ May, 2012. Information on the sampling scheme and the amount of
N applied (mostly as reduced N-NH) is presented in Table 1. The “rainy” fertirrigation at each plot was
measured by fitting at the soil surface three 7.5-cm diameter cup collectors made in PVC. The captured liquid
volume for each cup was determined after a few hours of the fertirrigation procedure.

Table 1. Description of the chamber flux measurements across the soil-air interface of maize fertirrigated plots
Plot 1 Plot 2 Plot 3
Dosage of liquid fertilizer applied at the top soil level (L.m?) 1.77+0.06 2.38+0.11 5.79 +0.22

Dosage of N-NH, applied at the top soil level (g.m?)* 1.79+0.07 2.41+0.11 5.86+0.23
Number of chambers 3 3 3
Number of users 3 3 3
User 1 User 2 User 3
Gas sampling rate At (minutes) with 60-mL plastic syringes 2 4 6
Method of chamber attachment to the soil-air interface Unforced Forced Forced

* Obtained by subtracting from 2.8 g N-NH,.L" 54% losses as volatilization from lagoon and fertirrigation
procedure.

2.4 Experimental Manipulations or Interventions

Gas flux measurements were made 1-2 weeks after fertirrigation depending on the measured plot. The three
chambers were identically constructed in PVC (31 cm diameter X 15 cm height) with a sharp cutting edge to
allow rotating hand-forcing attachment of the chamber into the soil surface. Such configuration was based on the
assumption that the use of a “semi-permanent collar” minimizes soil disturbances, especially in fertirrigated soils.
Collars can result in biased measurements when they affect soil moisture by preventing run-off, affect soil
temperature by shading the soil, and affect gas exchange by formation of shrinkage cracks at the collar-soil
interface (Rochette et al., 2011). It was decided not to remove the plant residue layer covering the top soil, left in
the ground in the previous soybean crop.

Only two users (2 & 3) were allowed to rotate and force the chamber at about 1 cm into the soil. User number 1
gently fitted (unforced rotation) the chamber to the soil surface (penetration << 1 cm). At the middle top of the
chamber, in a small aperture, it was bonded a syringe needle port without the metal needle (the metal needle was
broken and removed to avoid handling injuries in the field). The 5-mm inner diameter port for the gas sampling
syringe was nearly aligned to the external top chamber surface while the remaining plastic body of the broken
syringe port was inserted into the chamber. A gas sample with a 60-mL plastic syringe was acquired only after a
single slow flushing procedure. Between two consecutive gas samplings, the aperture was left open for a few
moments (less than 15 seconds). In relation to the external 5-mm diameter syringe port, the small < 1 mm
diameter of the broken needle hole allowed inner chamber pressure equilibration after sampling with minimal
influence of the well-known wind-induced Venturi effect on fully vented chambers (Conen & Smith, 1998; Bain
et al., 2005). The sampling rate was different for each user (Table 1) though the number of gas samples for the
deployments were fixed at n = 4 because the uncertainty of an eventual non-linear component of the
concentration versus time curve cannot be assessed with n <4 sampling points (Rochette et al., 2011).

N,O quantification of gas samples stored in syringes was immediately carried out with nitrogen 5.0
carrier/make-up gas line coupled to a SRI GC8610 gas chromatography system equipped with a *Ni Electron
Capture Detector ECD. The GC/ECD system has an automated 1-ml solenoid sample loop to improve the
analytical certainty. Each 60-ml gas sample syringe was directly measured in duplicates (30 ml each time) to
assess analytical errors (measured as 2% on average) and we used the obtained mean value in data analysis and
modeling. Chromatographic peaks were integrated individually and a certified gas standard (White Martins)
containing 0.316 mol-mol” of N,O was used for calibration.

N,O fluxes (F) from fertirrigated plots measured by different users were calculated by linear regressions between
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the changes of the molar fraction of the gas inside the chamber with time (C/t). These values were then
associated to the molar mass of N,O (M), chamber surface area (A), volume (V), laboratory temperature (T) and
pressure (P) by F = (C/t) x M x PV/(ART), where R is the ideal gas constant.

3. Results and Discussion

3.1 Field Data

Figure 2 shows the time evolution of the N,O molar fraction measured in the chamber deploy experiments. We
clearly note from Figure 2 that the more N-NH, offered to the soil system (Table 1) the higher is the
corresponding N,O molar fractions inside the chambers (Figure 2A).
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Figure 2. Time evolution of the N,O molar fraction for nine static chamber deployments in three fertirrigated
plots (A), operated by three different users (B). Refer to Table 1 for additional information on plot fertirrigation
dosages and user operations)

Conversely, see in Figure 2B that depending on the chosen technique in the field sampling (Users) the linear gas
flux estimates are fully contrasting with the previous deduction (see also Table 2). User 1 data obtained N,O
ranges (the difference between maximum and minimum molar fraction values) of 0.148 and 0.182 mol-mol™ in
Plots 1 and 2, respectively. The same ranges obtained by User 2 are respectively 0.058 and 0.051 mol-mol™ and
for User 3 are respectively 0.088 and 0.053 mol-mol”. In other words, the time-derived gradient of N,O was
reduced in 1.7 to 3.6 times by forcing the chambers in the soil surface at the start of the deployments. This
artifact reflected in N,O flux underestimation by Users 2 and 3 by 6- to 15-fold, despite of the reasonable values
of goodness-of-fit R? (Table 2).

Table 2. N,O emissions as measured by usual linear regressions with acceptable goodness of fit R?

User 1 User 2 User 3
Flux (mg N,O.m>h") R’ Flux (mg N,Om>h') R’ Flux (mg N,O.m>h") R’
Plot 1 0.392 0.887 0.060 0.660 0.068 0.738
Plot 2 0.453 0.831 0.047 0.558 0.042 0.971
Plot 3 0.122 0.846 0.104 0.920 0.036 0.848

Besides, the gas sampling rate is an important choice to be considered, especially at high emission rates induced
by considerable soil N inputs. In Figure 2A it is possible to note for Plots 1 and 2 that the N,O molar fraction
increases quasi-linearly up to an asymptotic turning point at ~5 minutes. This might be a response of the
chamber to saturation due to the deformation of the N,O gradient downward (Rochette, 2011). Therefore, a
chamber with the same surface area but with a greater height (up to a certain limit) would saturate at a deploy
time >5 minutes and possibly at a higher molar fraction limit (due to greater headspace volume). The cause for
not obtaining this behavior for Plot 3 by User 1 deployment can be assigned to very high N,O emission fluxes at
this site, as the amount of N applied is 2.4 to 3.3 as much of that applied to Plots 2 and 1, respectively. If this
assumption is correct, the chamber volume was not enough to capture the initial N,O molar fraction increases at
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Plot 3 (Figure 2A), that received a great amount of N (Table 1), even for t = 2 minutes (User 1, Figure 2B), hence
the molar fraction asymptotic limit was quickly achieved.

3.2 Modeling Approach

In this section we introduce a generalized chamber accumulation model by normalizing the dataset obtained in
the field. The normalization was achieved by dividing each measurement by the maximum value obtained for
each chamber deployment. The model was conceived based on the results verified in Figure 2A, in which is
naturally expected the presence of a quasi-asymptotic regime for long chamber deploy time or for high soil
emission fluxes. The iterative logistic model can be written as C(t+1) = C(t)e V™) where C is the
normalized N,O molar fraction, t is the discrete time for t = 1 minute, r is the logistic growth rate, and Cmax is the
asymptotic value (indeed the real partial gas pressure at this point is a function of both chamber design and flux
magnitude). The superposition of the normalized data over the generalized chamber accumulation model (r = 0.5,
C(t=0)=0.83, and Cmax = 1) is shown is Figure 3.

1.00

=

2

T

E o095

-

2

o

E

2, 0.0

z

-

7]

E-)

-

E 0.85

=3

z O Normalized data

— Generalized chamber accumulation model
0.80 T T T T
(] 5 10 15 20 25

Time in minutes

Figure 3. Generalized model overlaid to normalized chamber dataset for all plots/users

By this generalized model we can suitably assess different field (N,O emission source) and user (sampling
method) patterns for our chamber design. We initially verified unforced (gently attached to the soil) chamber
behavior accordingly to N,O emission sources of low (r = 0.04, C(t = 0) = 0.78 mol.mol”, Cpux = 0.95
mol-mol™) and high (r = 0.4, C(t = 0) = 0.78 mol'mol”, Cp.x = 0.95 mol-mol™") magnitudes. Model outputs are
shown in Figure 4A.

The “unforced high flux” model achieves the asymptotic behavior in about 5 minutes (Figure 4A), likewise to
Plots 1 and 2 (Figure 2A). The “unforced low flux” model resembles a linear behavior up to 20 minutes (Figure
4A), though it is indeed a logistic model that reaches the asymptote far at t ~ 200 minutes (not shown). In Figure
4B we plotted the linear regression goodness-of-fit R? for increasing sampling n from 4 to 20 with t = 1 minute.
For the “unforced low flux” model, a good linearity or acceptable goodness-of-fit is satisfied in the whole
20-minute deploy time range, which is, however, rarely observed for the “unforced high flux” model (Figure
4B).

The estimation of the gas flux rate do not change significantly for the “unforced low flux” model by increasing
sampling n from 4 to 20 with t = 1 minute. For the “unforced high flux” model the decreasing bias accentuates as
a function of increasing n (Figure 4C). As a result, the higher the “likely emission flux”, the greater should be the
headspace volume of the chamber to decrease the asymptotic C,,.x value and to increase the asymptotic time as
tasymptote > to. If chamber design is unchanged, minimal must be the sampling time t, which will tightly depend
on the internal pressure recovery time under successive short-time depressurizing sampling events (Christiansen
et al., 2011) or on the accuracy and detection limit of a continuous N,O measuring system device.
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Figure 4. Comparison of low and high emissions fluxes for unforced chamber and a high flux forced chamber
models (A), concerning the goodness-of-fit (B) for linearly estimated flux rates (C)

We used the same modeling approach to investigate the effect of forcing the chamber (C(t = 0) = 0.90
mol.mol™) in the soil surface under high emission flux (r = 0.4, Cp,x = 0.95 mol'mol™) conditions (Figure 4A,
dotted line). The decreasing bias is severely accentuated for the forced chamber in Figures 4B and 4C. Under
chamber forcing imposed by user, a “likely emission flux” cannot be recovered from statistical regression
procedures, even altering sampling time interval. Therefore, if the chamber is not gently attached to soil, also for
chambers with associated pre-mounted collars, gas fluxes at the soil-air interface might be underestimated due to
an abrupt increase in the N,O molar fraction at the beginning of the chamber deployment. By discarding the
initial gas samples, gas flux estimates is still inaccurate, despite of an eventual improve in the linear
goodness-of-fit, because the headspace N,O molar fraction has already achieved or is already close to the
asymptotic chamber-flux-specific C,,, value. The forced chamber effect might be negligible only under
sufficiently high chamber headspace volume or low gaseous source of emission that usually need enough
deployment time to be accurately detectable (Davidson et al., 2002). Figure 5 summarizes main findings and
premises discussed here.
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Figure 5. Theoretical linear departure error of chamber models from “real flux” gaseous emission sources

We plotted the number of n samples in each modeled deployment presented in Figure 4 as a function of the
percentage departure (error) from the best linear or “real” flux for n = 4 (departure error = 0%). Despite of the
underestimation observed for all modeled fluxes, the unforced low flux model (or analogously high headspace
chamber for the same surface area) shows the lowest departure error comparatively to the “real flux” as n
increases. That result is in agreement to Wang et al. (2013), whose suggest chamber fluxes lower than expected
when compared to the micrometeorological technique due to failure to detect linearity/nonlinearity in the flux
calculation.

3.3 Implication of the Modeling to Real Data

The modeling herein discussed was in a great extent derived from the dataset Plot/User experiment (Figure 2). It
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allowed us to verify that, especially for a great source of a specific target gas, both chamber design (headspace
volume (Conen, 2000) and chamber handling (placement and sampling rate) can be managed to the measurement
be as close as possible from the “most likely flux”. This approach is only possible with on-site measuring
systems and the best options are continuous monitoring devices that do not interfere in chamber pressure while
sampling (Christiansen et al., 2011), and are able to be attached to static and also dynamic chamber designs (Gao
et al., 1997; Bergier et al., 2011). However, for trace gases with very small partial pressures in the atmosphere,
such as N,O, a GC/ECD with a high signal-to-noise ratio in the field would be more precise, though restricting
the measurements to the closed static chamber approach, and care must be taken to avoid chamber
depressurization (Christiansen et al., 2011) and Venturi effects (Conen & Smith, 1998; Bain et al., 2005).

Applying the general findings to the dataset we can estimate by linear regressions the “best fluxes” for data
obtained by User 1, discarding the last samples (n = 3) because they are likely already at the asymptotic regime.
From this, we obtain for Plots 1 and 2 respectively 0.56 mg N,O-m™h™ (R? = 1.00) and 0.66 mg N,O'-m*h™" (R
= (0.94). The measurement made by User 1 in plot 3 cannot be estimated through linear regression due to the high
amount of the applied N, to the subsequent high soil N,O emission, and hence faster chamber saturation in the
asymptotic regime.

In order to assess the coherence in the magnitude of the measured fluxes, we constructed a realistic N budget.
Table 3 summarizes information on N inputs through fertirrigation, nitrification rates estimated by laboratory
analysis (Fernandes et al., 2012), N,O emissions from User 1 data, the nitrification period required to transform
all N-NH, inputs to -N-NOs3, and the elapsed time of the measured N,O flux after fertirrigation. The N budget in
Table 3 presents reasonable consistency, where the elapsed times for the chamber deployments are suitably
below the minimal theoretical time to convert all N-NH, to N-NOs, and for Plots 1 and 2 the hourly N-N,O
fluxes is about 3.4 to 3.8% of the hourly converted N-NOs. From these proportions, and assuming that a great
fraction of the N,O emissions at local conditions is derived from denitrification, though possibly concurrently
derived from nitrification (Singurindy et al., 2009; Marschner & Rengel, 2007; Zhang et al., 2011), we can
roughly estimate that N,O emissions from Plot 3 might be in between 0.502 to 0.560 mg N-N,O-m™h™ (1.58 to
1.76 mg N,O'm™>h™).

Table 3. Preliminary nitrogen cycling data for swine-agroecosystem integrations

Applied N Estimated linear Nitrous oxide Minimal time to Elapsed time after

through . . emissions (User 1)  fully convert fertirrigation for
L nitrification rate h
fertirrigation on 10" May 2012 N-NH, to N-NO;  chamber deployments
mg N-NH;m? mgN-NO;m>h' mgN-N,Om2h' days days
Plot1 1794 4.731 0.179 16 13
Plot2 2405 6.246 0.212 16 12
Plot3 5860 14.816 0.502 to 0.560" 17 8

* Calculated as 3.4 to 3.8% of the N-NO; input.

Alternatively, a fraction of the N,O emissions measured in 10" May 2012 can be also explained by soil
fertilization with NPK 10-15-15 (equivalently to 1000 mg N-m?) while seeding maize in 24™ March 2012.
Therefore, total N inputs for Plots 1, 2 and 3 might actually be 2794, 3405 and 6860 mg-N-m~, respectively.
Considering the additional N-NPK, the proportion of the estimated N-N,O emissions in relation to the total N
inputs might drop to 2.43 to 2.48%, still above the default value of 1% suggested by IPCC (2006), but within the
range of other studies (see Meyer et al., 2006; Table 2 in Zhang et al., 2012). Note that our chamber data is small
and was constrained for “most likely flux” estimates (as presented in the modeling section) and we have not
removed the crop residue in the top soil. The reason for not cleaning the top soil is that at no-tillage
agroecosystems a reasonable fraction of the fertirrigation fertilizer shall be bacterially processed in this organic
layer (Assis et al., 2003; Luz, 2007). The important finding we highlight is that there is no standard “magic”
chamber design suitable to cover greenhouse gas flux estimates over a broad range of soil (or water) interfaces.
More importantly is to understand the behavior of the chamber flux accordingly to chamber design, “most likely
instantaneous flux” and user interaction with the chamber. Moreover, linear goodness-of-fit should be critically
evaluated as a criterion for accepting linear regressions for chamber fluxes as it can be more exponential than
formerly thought (Kutzbach et al., 2007).
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