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Abstract: In subtropical regions, we have an incomplete understanding of how long-term tillage,
stubble, and nitrogen (N) fertilizer management affects soil biological functioning. We examined
a subtropical site managed for 50 years using varying tillage (conventional till (CT) and no-till
(NT)), stubble management (stubble burning (SB) and stubble retention (SR)), and N fertilization
(0 (NO), 30 (N30), and 90 (N90) kg ha~1 y_l) to assess their impact on soil microbial respiration,
easily extractable glomalin-related soil protein (EEGRSP), and N mineralization. A significant three-
way tillage x stubble x N fertilizer interaction was observed for soil respiration, with NT+SB+NO0
treatments generally releasing the highest amounts of CO, over the incubation period (1135 mg/kg),
and NT+SR+NO treatments releasing the lowest (528 mg/kg). In contrast, a significant stubble x N
interaction was observed for both EEGRSP and N mineralization, with the highest concentrations of
both EEGRSP (2.66 + 0.86 g kg ') and N mineralization (30.7 mg/kg) observed in SR+N90 treatments.
Furthermore, N mineralization was also positively correlated with EEGRSP (R2 =0.76, p < 0.001),
indicating that EEGRSP can potentially be used as an index of soil N availability. Overall, this study
has shown that SR and N fertilization have a positive impact on soil biological functioning.

Keywords: easily extractable glomalin-related soil protein; microbial respiration; nitrogen fertilization;
nitrogen mineralization; stubble management; tillage

1. Introduction

No-till (NT) systems have been widely reported to maintain agricultural production
whilst minimizing disturbance of the soil [1]. The absence of tillage reduces soil physical
degradation and the decomposition of organic matter [2]. In addition, the retention of
organic residues on the soil surface decreases erosion, increases soil organic carbon (SOC)
concentrations, and decreases the flux of CO; into the atmosphere. In some instances,
these increases in SOC concentrations can lead to net sequestration of C [3]. However, we
still have an incomplete understanding of how NT systems affect certain aspects of soil
biological activity.

Given that tillage physically disrupts fungal hyphae networks, conversion from con-
ventional till (CT) to NT practices often results in an increase in arbuscular mycorrhizal
(AM) fungi [4-6]. Glomalin (a glycoprotein) is produced by AM fungi, with this compound
often associated with improved soil aggregation [7]. Furthermore, glomalin can play an
important role in the sequestration of C and N [7]. For example, glomalin contains 37%
Cand 4% N, and in a tropical rainforest soil from Costa Rica, it was found to account for
3.2% of the total soil C and 5% of the total soil N [8]. Interestingly, it has been reported that
easily extractable glomalin-related soil protein (EEGRSP) also serves as a good indicator
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of N availability in soil [9], indicating that measurement of this fraction may be useful
as an indicator of soil N mineralization potential. However, despite the importance of
glomalin, comparatively little is known regarding the management practices that influence
its concentration.

The retention of stubble and a reduction in tillage are typically associated with in-
creases in SOC and glomalin-related soil protein (GRSP) [7,10-12]. Several studies have
also shown that the concentration of available N in the soil influences concentrations
of GRSP. For example, some researchers have found that the addition of N significantly
increased GRSP [13,14], while others have reported that N fertilization did not alter the
GRSP concentration in the bulk soil [15] or led to decreased concentrations [16]. These
inconsistent results may be related to the initial soil N content [6], as well as to N addition
rates and to the duration of fertilization [14,17].

Not only do NT systems impact AM and the production of glomalin, but they also
influence soil respiration and microbial activity more broadly. Soil respiration consists
of autotrophic root respiration and heterotrophic respiration and plays an important role
in global C cycling [18,19]. It is considered that soil respiration is a sensitive indicator
of soil metabolic activity and the conversion of SOC to atmospheric CO, [20]. There are
multiple management practices that influence soil microbial respiration in agricultural
systems, including tillage, the retention of stubble from crop residues, and N management.
However, compared to temperate systems, comparatively little is known about the impact
of such management practices on respiration in subtropical systems. Moreover, it remains
uncertain how N regulates C cycle—climate feedback, with this being a critical issue in
model projections of future states of climate and ecosystems [21].

It is thus the aim of the current study to improve our understanding of how tillage,
stubble, and nitrogen management practices affect soil respiration and glomalin concentra-
tion in semi-arid subtropical environments to better understand how common agricultural
management practices are likely to impact soil biological functioning. To achieve this, we
examined a Vertisol at a semi-arid subtropical site that has been managed for 50 years
(y) with a combination of different tillage management, NT or CT; stubble management,
stubble burning (SB), or stubble retained (SR); and N fertilization at 0 (NO), 30 (N30), and
90 (N90) kg ha~! y~1. The objective of this study was to determine the effect of NT, SR,
and N fertilization on microbial respiration and EEGRSP concentration after 50 years of
management. The relationship between EEGRSP and nitrogen mineralization was also
examined to test whether EEGRSP measurements would be useful as an index of soil
N availability.

2. Materials and Methods
2.1. Experimental Details and Soil Analysis

An experiment was established at Hermitage Research Station (28°12 S, 152°06’ E),
Queensland, Australia, in December 1968 to study the effects of tillage and crop stubble
management on soil properties and crop productivity. The soil was developed primarily
from basaltic alluvium and contains 65% clay, 24% silt, and 11% sand in the top 0.1 m depth.
It is a black self-mulching cracking clay, being classified as a Vertisol, Vertosol, or Ustic
Pellustert [22]. The mean annual temperature of the experimental site is 17.5 °C, with mean
monthly minimum and maximum temperatures of 2 and 17 °C, respectively, in July and 15
and 30 °C, respectively, in January. Mean annual rainfall at the site is 685 mm, of which 60%
is received during the summer months from December to March. Soil pH (1:5 soil:water) in
the 0.1 m of soil layer varies from 6.92 (N90) to 7.61 (NO).

The treatments were arranged in a randomized block design consisting of 12 treatments
(two tillage practices (CT and NT), two crop stubble management practices (SR and SB),
and three N fertilization rates (NO, N30, and N90)), with four replicates comprising 48
plots. The trial was sown with wheat (Triticum aestivum L.) annually, except for a three-
year period (1975-1977) in which barley (Hordeum vulgare L. cv. Clipper) was grown [23].
The treatments were arranged in 61.9 m x 6.4 m plots covering a total of 1.9 ha. The CT
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treatment comprised four or five primary tillage operations with a chisel plow to control
weeds during the fallow period each year. The treatments under NT were sprayed with
herbicide to control weeds. For the SR treatment, stubble was retained in situ. For the NT
treatment, stubble was left on the soil surface, but for the CT treatment, it was incorporated
into the top 0.1 m depth using a chisel plow. For the SB treatment, crop stubble was burnt
in situ immediately after the crop harvest and before the first tillage operation [23]. The
N30 treatment received urea at a rate of 23 kg N ha~! until 1996 and then 30 kg N ha=—! y~!
thereafter. During the first 8 years of experimentation, the N90 treatment received urea
at a rate of 46 kg N ha~! y~! until 1975, then 69 kg N ha~! y~! until 1996, and then
90 kg N ha~! y~! thereafter. Crops could not be grown in 1982, 1991, 1994, and 2004 due to
insufficient rainfall at sowing. In all years, crops were mechanically harvested.

Soil samples were taken to 0.1 m depth in May 2018 from five different locations of
each plot. This sampling occurred approximately 6 months after the site was harvested
and burnt, and the soil received no fresh input of crop residue after the harvest. The
samples collected from each plot were bulked and sealed in plastic bags for transport to the
laboratory. Soil samples were air-dried before being sieved to <2 mm.

2.2. Measurement of Soil Microbial Respiration

Soil microbial respiration was measured in air-tight plastic jars with a capacity of
270 mL. Of the 12 treatments, microbial respiration was measured for all except the N30
treatments. For the incubation, the moisture content of 50 g of air-dry soil was initially
adjusted to 60% of water-holding capacity and was kept at a constant temperature of 25 °C.
In the measurement of soil microbial respiration, we excluded the influence of factors
such as root respiration and variations in soil water content, which contribute to the high
variability found in field estimates. The soil samples were incubated for 98 days, with soil
microbial respiration measured after 1, 3,7, 14, 22, 37, 50, 65, and 98 days. The soil microbial
respiration data of the first 7 days were not used to minimize the effect of air-drying and
then re-wetting soil on the soil microbial respiration [24]. The concentration of CO; in the
headspace was measured using a CO, analyzer (WMA-5, PP system, John Morris Scientific,
Sydney, Australia).

2.3. Determination of EEGRSP Concentration

The soil protein extraction protocol was based on a neutral sodium citrate buffer
solution [25]. In brief, 1 g of soil was placed in a 50 mL polypropylene centrifuge tube
(Corning) in which 8 mL of 20 mM sodium citrate at pH 7.0 was added and autoclaved
for 30 min (121 °C, 1.4 kg cm~2). Immediately after autoclaving, tubes were centrifuged at
1000x g RCF for 15 min, with the supernatant decanted and stored at 4 °C until analysis.
The protein concentration was determined using the Bradford dye-binding assay using
bovine serum albumin as the standard [25]. Absorbance of the Bradford reagent was
measured with a spectrophotometer (Shimadzu, Kyoto, Japan, UV2600) at 590 nm.

2.4. Determination of N Mineralization Rate

To determine the N mineralization rate, the extractable NO3-N was measured both
prior to commencing the incubation (0 d) and after 35 days. The moisture content of 50 g
of air-dried soil was adjusted to 60% of water-holding capacity prior to its incubation in
a plastic jar at a constant temperature of 25 °C. The NO3-N concentration was measured
by taking 3 g of incubated sample (air-dry basis) mixed with 30 mL of 2 M KCI and
shaking for 1 h on a rotary shaker. The samples were then centrifuged at 1000x g RCE,
and subsamples were drawn using a Swinnex filter holder fitted with a glass microfiber
filter for determination of NO3-N by the automated cadmium reduction method [26] using
a segmented flow analyzer (SEAL analytical, Norderstedt, Germany). The net NO3-N
mineralized (mg kg ! soil) was calculated as the difference between the values measured
at the two time intervals (0 and 35 d). Only the NO3-N concentration was measured, as the
NHy-N concentration was <2 mg kg~ !.
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2.5. Statistical Analysis

All statistical analyses were conducted using SPSS version 25. Treatment effects were
analyzed using a three-way Analysis of Variance procedure, with a Fisher’s least-significant-
difference (LSD) post hoc test used to compare treatment means. Treatment differences were
considered significant at p < 0.05. The relationship between mineralization and EEGRSP
was assessed using regression analysis.

3. Results
3.1. Microbial Respiration

The soil microbial respiration rate for all treatments ranged between 0.11 and 1.09 mg
CO,-C kg~ ! h™! and varied over time, being consistently high during the initial stages of
incubation and then gradually decreasing (Figure 1). However, the magnitude of the soil
microbial respiration depended upon the treatment, being significantly affected by tillage,
stubble, and N fertilization management practices (Figure 1 and Tables 1 and 2). These
treatment effects were particularly evident from examination of the cumulative soil micro-
bial respiration, with a significant three-way tillage x stubble x N fertilization interaction
observed after 7 days (Figure 2 and Table 2). Generally, the NT+5B+N0 treatments released
the largest amounts of CO; over the period of the incubation (1140 mg CO,-C/kg), while
the NT+SR+NO treatment released the lowest amount (529 mg CO,-C/kg).
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Figure 1. Effect of tillage, stubble management, and N fertilization on soil microbial respiration rate
at different days after incubation (d). Treatments included (a) conventional till (CT) and (b) no-till
(NT), with stubble burning (SB), stubble retained (SR), N fertilized at a rate of 0 kg ha—1 (N0), and N
fertilized at a rate of 90 kg ha~! (N90). The standard errors are shown as bar heights.
Table 1. Significance level (p value) of soil microbial respiration at different stages of incubation for a
Vertisol managed for 50 years with different tillage practices, stubble management practices, and N
fertilization rates.
Source Time (d)
df 1 7 15 30 43 58 91
Tillage (T) 1 0.617 0.923 0.810 0.897 0.475 0.017 0.968
Stubble (S) 1 0.002 0.019 0.059 0.059 0.565 0.048 0.472
Nitrogen (N) 1 0.001 0.000 0.000 0.026 0.034 0.433 0.113
TxS 1 0.002 0.019 0.031 0.123 0.362 0.016 0.069
TxN 1 0.033 0.357 0.422 0.101 0.809 0.180 0.085
SxN 1 0.100 0.031 0.059 0.015 0.071 0.001 0.160
TxSxN 1 0.122 0.036 0.068 0.170 0.126 0.013 0.007

Note: Mean values in bold indicate significant effect at p < 0.05.
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Table 2. Significance level (p value) of soil cumulative microbial respiration at different stages of
incubation for a Vertisol managed for 50 years with different tillage practices, stubble management
practices, and N fertilization rates.

Source Time (d)
df 1 7 15 30 43 58 91
Tillage (T) 1 0.622 0.894 0.849 0.848 0.863 0.660 0.738
Stubble (S) 1 0.003 0.014 0.027 0.020 0.065 0.055 0.098
Nitrogen (N) 1 0.001 0.000 0.000 0.000 0.000 0.001 0.002
TxS 1 0.002 0.014 0.018 0.019 0.048 0.037 0.033
T x N 1 0.034 0.296 0.346 0.206 0.337 0.301 0.177
SxN 1 0.101 0.030 0.039 0.017 0.019 0.011 0.020
TxSxN 1 0.123 0.036 0.046 0.045 0.047 0.035 0.014
Note: Mean values in bold indicate significant effect at p < 0.05.
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Figure 2. Effect of tillage, stubble management, and N fertilization on cumulative soil micro-
bial respiration (a,b). Treatments included conventional till (CT), no-till (NT), stubble burning
(SB), stubble retained (SR), N fertilized at a rate of 0 kg ha=1 (N0), and N fertilized at a rate of
90 kg ha~! (N90).

3.2. Easily Extractable Glomalin-Related Soil Protein (EEGRSP)

Treatments were found to cause substantial differences in the EEGRSP concentra-
tions. Specifically, a significant stubble management x fertilizer interaction was observed
(Figure 3); while N fertilization significantly increased the EEGRSP concentrations (from
0.68 to 1.69 g/kg when averaged across other treatments), the pattern of this increase was de-
pendent upon stubble management. Specifically, the greatest EEGRSP concentrations were
observed when SR was practiced with the N90, SR+N90 treatment (2.66 + 0.86 g kg~!).
Much smaller, or insignificant, increases were observed with other stubble x fertilizer
treatment combinations.
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Figure 3. Effect of stubble management and N fertilization on easily extractable glomalin-related
soil protein (EEGRSP) concentration of soil (a—c). Treatments included stubble burning (SB), stubble
retained (SR), N fertilized at a rate of 0 kg ha~! (N0), N30 kg ha~! (N30), and 90 kg ha~! (N90). The
standard errors are shown as bar heights.
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N mineralization (mg kg'1)

N mineralization (mg kg'1)

35

3.3. Net N Mineralization

Nitrogen mineralization was found to be affected by tillage, stubble, and fertilizer
management. A significant tillage x stubble interaction was observed, with the SR+NT
treatments having greater rates of N mineralization (25.5 mg/kg) than other tillage x stub-
ble combinations (Figure 4). In a similar manner, a significant stubble x fertilizer interac-
tion was also observed, with the highest rates of mineralization in the SR+N90 treatment
(30.7 mg/kg) and the lowest in the SR+NO treatment (13.7 mg/kg). Net N mineralization
during the 35 days of incubation was also significantly and positively correlated with the
EEGRSP concentration (p = 0.001) (Figure 5).
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Figure 4. Effect of tillage, stubble management, and N fertilization on N mineralized after 35 days
of incubation. Treatments included (a) stubble management (b) N fertilization (c) tillage x stubble
management and (d) N fertilization x stubble management. Standard errors are shown as bar heights.
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Figure 5. Relationship between N mineralized within 35 days and easily extractable glomalin-related
soil protein (EEGRSP) concentration.

4. Discussion
4.1. Microbial Respiration

After 50 years, differences in tillage practices, stubble management, and N fertiliza-
tion were all found to impact soil microbial respiration. Microbial respiration rates were
higher in the initial phase of the incubation study and decreased progressively with time
(Figure 1). This decrease over time is consistent with other studies, where a reduction in the
concentration of labile C over the course of a laboratory incubation leads to a decrease in
the respiration rate [27-29]. When cumulative respiration over the course of the experiment
was considered, a consistent three-way tillage x stubble retention x nitrogen addition
interaction was observed. The largest release of CO; from respiration was observed where
NT, SB, and NO treatments were combined, while the lowest rates were observed where NT
was combined with SR and NO treatments.

Tillage, stubble, and N fertilizer management can impact respiration via several mech-
anisms. No-till management is often reported to decrease C decomposition due to the
formation and stabilization of macroaggregates (i.e., >250 um) [30], which protect soil
organic matter (SOM) from decomposition and thus decreases respiration [31]. The soil
used in the current study was sieved to <2 mm, and therefore, any impact of macroag-
gregates >2 mm in NT vs CT treatments would not have been accounted for. Conversely,
tillage enhances the oxidation of SOM by disrupting macroaggregates, exposing aggregate-
protected SOM to microbial attack [32], and thus increasing the emission of CO; [33]. For
example, one study observed a 14% decrease in the cumulative CO, flux from soil under
NT compared to CT [34]. Similarly, in Canada, a 20-25% reduction in the annual CO, fluxes
from soil under NT compared to CT was reported [35]. However, in the current study, both
the greatest and lowest rates of respiration were observed from a treatment combination
that included NT (Figure 2), indicating that factors in addition to the aggregate protection
of SOM must also have been responsible for the difference in respiration rates between
treatments in the current study.
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Stubble management can also influence respiration, particularly when it influences
the availability or quality of organic substrates. Previously at this study site, higher rates of
respiration have been observed under SR treatments, in line with greater concentrations
of total SOC and thus substrate availability [29,36]. This is similar to many other results
recorded worldwide, where stubble burning is typically observed to reduce soil respira-
tion [37-40]. However, in the current study, there was no significant difference in the total
soil organic C content in SB and SR treatments [37], and the main stubble effect did not have
a significant impact on total cumulative respiration. This indicates that there may have
been differences in the samples collected at these different times, despite the use of similar
sampling protocols and sampling at the same time of year (approximately 6 months after
harvest and stubble burning). However, previous work conducted using the same samples
as the current study did observe a significant relationship (r = 0.89, p < 0.01) between
cumulative soil microbial C respiration and the microbial metabolic quotient (respiration
to biomass ratio), which was much higher in SB compared to SR treatments [37]. This
indicates that the microbial population in the SB treatment is likely to have been under
greater stress and converting a greater proportion of substrates present to CO, (i.e., reduced
carbon use efficiency [CUE]), which may partly account for the greater respiration observed
in the NT+SB+NO versus NT+SR+NO0 treatments in the current study (Figure 2).

We also observed that application of N fertilizer (90 kg N ha~! y~1) typically reduced
CO; flux, except for the NT+SR+N90 treatments, which had a higher respiration rate than
the NT+SR+NO0 treatments (Figure 2). Reductions in CO, emissions following the addition
of N fertilizer have been observed in numerous studies [28,41-45], including previous
studies of the current site [29,36]. This is despite the fact that N addition has been observed
to increase total SOC concentrations, and thus substrate supply, in these soils [37]. The
decrease in soil microbial respiration for the high N rate (90 kg ha~!) treatment could
indicate that there has been a change in the microbial community structure and/or activity
that has led to an increase in microbial CUE [46—48]. This is supported by previous studies
at the site, which have observed significant decreases in the microbial metabolic quotient
with N addition, particularly when combined with SB [37]. Several studies have suggested
that a reduction in fungi in response to N addition may result in an increase in the number
of r-strategist microbes that are relatively more N-demanding (e.g., bacteria) at the expense
of N-conservative microbes less efficient in C assimilation [49].

4.2. EEGRSP

In the present study, we observed that EEGRSP was affected by a significant stub-
ble x fertilizer interaction, with the highest concentrations observed when SR was practiced
with the N90 treatment (Figure 3). These findings are similar to those of other authors who
found that the combined application of N fertilizer and straw retention resulted in a signifi-
cant increase in the soil EEGRSP [11]. Other studies have also reported that, regardless of
tillage practice, SR tended to increase the EEGRSP concentration in soil [10,11]. However, N
fertilizer application has also been observed to decrease soil glomalin concentrations, likely
due to a decrease in root colonization by AM fungi under conditions of abundant nutrient
supply and/or the stimulation of microbial respiration (and SOM/glomalin decomposition)
by additional nutrient input [16]. However, in the current study, N addition generally had a
negative impact on respiration, which may have reduced glomalin loss via decomposition
(Figure 2).

Numerous studies have also reported that tillage has a significant impact on EEGRSP.
For example, one study observed substantial increases in the EEGRSP concentrations 3 years
after converting from conventional plowing to NT [7]. Similar results were also reported
in China, where significantly higher concentrations of EEGRSP were observed in an NT
compared to a CT system [12]. The higher EEGRSP concentration in NT systems compared
to CT soils suggests either a higher AM fungal density in NT systems or an enhancement
of the AM fungal community composition in response to reduced soil disturbance [8,50].
However, interestingly, in the current study, we were unable to observe any significant
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impact of tillage management on EEGRSP concentration. This may be related to the higher,
or similar, rates of respiration (and potentially glomalin decomposition) observed in the
NT compared to the CT treatments in the current study (Figures 1 and 2).

4.3. Nitrogen Mineralization

We found that the rate of N mineralization was primarily influenced by N fertilization
and stubble management (Figure 4). N mineralization increased significantly with in-
creased application of N fertilizer and was higher when fertilizer application was combined
with SR (Figure 4). This is consistent with the greater total N concentrations and lower
C:N ratios present in N fertilized treatments [37]. While the total SOC stocks in SB and SR
treatments were not significantly different, the C:N ratio was significantly higher under SB
management [37], which would have contributed to reduced N mineralization. Previous
studies of the site have also observed higher rates of N mineralization in SR+N90 treat-
ments [36]. Similarly, Silgram and Chambers [51] reported that N fertilizer had a significant
positive effect on readily mineralizable N in the plow layer at two experimental sites, while
Govaerts et al. [52] reported lower N mineralization in treatments where stubble was burnt
after the harvest of crops.

A significant tillage x stubble retention interaction was also observed to affect net N
mineralization, with significant increases only observed when NT and SR were applied
in combination (Figure 4c). This is contrary to previous studies of the site, where NT+SR
combinations reduced mineralization rates in comparison to CT+SR [36]. Other authors
have also reported that CT along with stubble incorporation can significantly increase
N mineralization [53,54]. The reason for the differences observed in the current study
is unknown.

In the present study, we also observed a strong relationship between N mineralization
capacity and EEGRSP (Figure 5). The N mineralization capacity of the soil increased rapidly
with an increase in the concentration of EEGRSP up to ~1 g/kg, after which increases in
EEGRSP had a limited impact on N mineralization. This indicates that the glycoprotein
glomalin is acting as a readily mineralizable source of N in this soil. Hence, the pool of
proteins extracted by this method can be viewed broadly as a soil available N supply
indicator that reflects a pool of potentially available organic N in soil [9]. This result is
supported by Nannipieri and Eldor [55], who report in their review that the majority of
organic-N is proteinaceous in nature. It was also reported by Fine et al. [56] that soil protein
is significantly related (r = 0.52, p < 0.01) to total soil N.

5. Conclusions

After 50 years of management, we have found that tillage, stubble management
practices, and N fertilization affect soil respiration, EEGRSP, and N mineralization. The
impact of the management practices on soil respiration was complex. Specifically, it was
observed that cumulative soil microbial respiration was greatest where NT, SB, and NO
treatments were combined, while the lowest rates were observed where NT was practiced
with SR and NO. However, N application was generally associated with reduced CO,
flux. It is likely that the impact of management practices on respiration is related to their
combined impact on CUE, with treatment combinations that increased CUE resulting in
reduced respiration rates, and vice versa. Concentrations of EEGRSP were significantly
higher for SR than for SB treatments, and particularly when fertilizer was also applied.
Nitrogen mineralization was also found to be highest where fertilizer was applied with
SR. Indeed, the amount of mineralizable NO3; ~N measured after 35 days of incubation
was significantly and positively correlated with the EEGRSP concentration, indicating that
EEGRSP can potentially be used as an index of N availability in soil. The optimum rate of
fertilizer N can be targeted by considering the availability of potential mineralizable N, as
well as tillage and stubble management practices.
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