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A B S T R A C T   

Sustainable agricultural systems, such as integrated crop-livestock (ICL) and no-tillage (NT), aim to sustainably 
produce crops and livestock while simultaneously conserving soil and its microbial properties, mainly in tropical 
regions. However, little is known about how microbial properties respond seasonally to management applied in 
NT and ICL. Thus, this study assessed the seasonal responses of soil microbial biomass C and enzymatic activity 
comparing both NT and ICL. The experimental area, under a block design with four replicates, with both NT and 
ICL management, was implemented in December 2022 on Yellow Argisol soil in Maranhao state, Brazil. Soil 
samples were collected (0–20 cm depth) in March, June, September, December, and March (2023). The results 
showed an effect size varying between 0.06 and 0.95 for agricultural systems, and 0.63 to 0.95 for sampling time. 
For the interaction between agricultural systems and sampling time, the effect size was superior to 0.86. NT 
showed initially higher microbial biomass C (~50 %), leveling with ICL by the end of the sampling period. 
Phosphatase and dehydrogenase increased in ICL from March to June (~200 % and ~700 % for phosphatase and 
dehydrogenase, respectively), while fluorescein diacetate hydrolysis fluctuated in NT. Urease was higher (~100 
%) during all sampling times in NT. Linear discriminant analysis revealed distinct responses across sampling 
times, with a positive effect of pH on enzymatic activity in both systems and soil moisture and P impacting 
positively on microbial biomass in ICL. Our results revealed significant seasonal responses of soil microbial 
biomass and enzymatic activity comparing NT and ICL, but with distinct responses to agricultural systems. The 
study showed seasonal variation of soil microbial biomass and enzymatic activity dependent on the character
istics of NT and ICL. Therefore, understanding these differences helps farmers make better decisions for healthier 
soil and better crops.   

1. Introduction 

Sustainable agricultural systems are recognized as farming tech
niques that produce crops or livestock while conserving the environ
ment, including the protection of soil and biodiversity, and being 
economically and socially viable [1]. Integrated crop-livestock (ICL) and 
no-tillage (NT) are particularly important agricultural systems used 

worldwide in crop production. Despite both ICL and NT being consid
ered sustainable systems, they differ in terms of soil and crop manage
ment. ICL focuses on integrating crop and livestock production within 
the same system, promoting the recycling of organic residues from crops 
and livestock [2]. In contrast, NT involves directly seeding crops under 
the straw of the previous crop without disturbing the soil through tillage 
[3]. This maintains soil structure, reduces erosion, and conserves soil 
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moisture [4]. Both systems contribute similarly to cycling nutrients, 
increasing soil organic matter, improving soil health, and decreasing 
greenhouse gas emissions [5,6]. In Brazil, these systems are significantly 
important, occupying approximately 50 million hectares. Specifically, 
ICL is characterized by the annual rotation of pastures, used for meat or 
milk production [7], while NT involves maintaining permanent soil 
cover with straw and crop rotation, primarily using soybean [8]. 

An important aspect observed with the use of both ICL and NT is their 
potential benefits to soil biological properties [9–11], which are essen
tial for plant productivity. Particularly, soil microbial biomass (SMB) is 
one of the most important attributes of soil biological properties [12], 
performing various functions in soils and showing high sensitivity to 
agricultural management [13]. Additionally, SMB produces and releases 
enzymes that enhance biological activity in soils [14], influencing the 
cycling of C, N, and P [15]. For instance, phosphatase and urease are the 
primary enzymes involved in the cycling of P and N, respectively, 
contributing to increased availability of these elements in soils [16,17]. 
Therefore, agricultural systems that conserve and increase SMB have 
shown higher soil enzymatic activity, leading to increased cycling of 
nutrients and crop yield. Indeed, previous studies have demonstrated 
increased SMB content and enzymatic activity with the adoption of both 
ICL and NT compared to conventional systems [18,19]. 

Although land use change, such as soil management, drives the re
sponses of both SMB and enzymatic activity, some environmental fac
tors, such as soil temperature and moisture, can also affect these 
biological properties [20]. This is particularly important in tropical re
gions with high seasonal variation in environmental conditions, where 
both SMB and enzymatic activity can exhibit significant annual varia
tion [21]. Interestingly, previous studies have shown significant sea
sonal variation of SMB in NT [22] and ICL [23] compared to 
conventional systems. For instance, Lopes et al. [22] compared 
no-tillage and conventional systems and observed that the soil microbial 
properties, mainly microbial biomass C and N, changed significantly 
between seasons, being influenced by soil moisture and temperature. 
However, little is yet known about the seasonal variation in SMB and 
enzymatic activity comparing both NT and ICL, mainly in tropical re
gions, such as Brazil. Seasonal analyses of both SMB and enzymatic 
activity can provide key insights into the main drivers affecting these 

biological properties in both NT and ICL, contributing to a better un
derstanding of potential soil biological activity, particularly related to 
nutrient cycling. In this study, we hypothesize that there will be sig
nificant differences in the seasonal variations of SMB and enzymatic 
activity under NT and ICL across a year due to their specific management 
practices. To address this hypothesis, we assessed both SMB and enzy
matic activity in soils under ICL and NT during five sampling times 
across a year. 

2. Material and methods 

2.1. Study area 

The study was conducted at Farm Barbosa, Brejo, Maranhao state 
(3◦42′66″S; 42◦56′25″W, 102 m). The soil is classified as Yellow Argisol 
containing 76 % sand, 8 % silt, and 16 % clay. The annual precipitation 
and temperature are shown in Fig. 1A. This farm has agricultural areas 
under NT and ICL systems that were implemented after the deforestation 
of native Cerrado in 2003. This was followed by applying 2.0 tons ha− 1 

of calcitic limestone +0.5 ton ha− 1 of gypsum. In 2004, NT was imple
mented by applying reduced tillage. This area has been annually culti
vated with soybean and millet, used as cover, under crop succession. 
Every year, soil fertilization consists of 100 kg ha− 1 of ammonium sul
fate, 150 kg ha− 1 of monoammonium phosphate, and 170 kg ha− 1 of 
potassium chloride. ICL was implemented in 2009 with soybean being 
cultivated followed by pasture (Urochloa brizantha cv. Marandu) and 
intercropped with maize. Annually at the sowing of soybean, the soil is 
fertilized with 340 kg ha− 1 (formulation NPK 12-30-00). After 30 days, 
there is the application of 200 kg ha− 1 (formulation NPK 10-00-30). 
After the crop harvest (soybean and maize), the pasture is grazed by 
cattle (three units of animals per hectare). 

To evaluate the effect of these systems on soil properties, experi
mental plots (30 m × 40 m) were established in December 2022 under a 
block design with four replicates. The agricultural practices of both NT 
and ICL were applied in these plots. In NT, soybean was sown in January 
and harvested in April, followed by millet sown in May and left as soil 
cover until September (Fig. 1B). In ICL, maize was sown in January and 
harvested in May, followed by pastures sown and cattle grazing from 

Fig. 1. Climatic characteristics during the 2022/2023 crop season (A) and the agricultural management applied in no-tillage (B) and integrated crop-livestock (C) 
systems. The arrows correspond to soil sampling periods (2022; March, June, September, December, and 2023; March). 
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June to December (Fig. 1C). In 2023, soybean was sown in both NT and 
ICL in January. 

2.2. Soil sampling and analysis 

To assess the seasonal variation of SMB and enzymatic activity, soil 
samples were collected at a depth of 0–20 cm in 2022 (March, June, 
September, and December) and 2023 (March) (Fig. 1B and C). In each 
period, five randomized points were sampled in each plot, and the 
samples were combined to form four composite samples in each system 
(NT and ICL), totaling eight composite soil samples per period. Since the 
experiment had five sampling times (March, June, September, 
December, and March 2023), a total of 40 soil composite samples were 
obtained (8 composite samples x 5 sampling times). All composite 
samples were placed in labeled plastic bags and stored in an icebox for 
transportation. In the laboratory, the samples were sieved (2 mm) and 
stored at 4 ◦C before soil biological analysis. Soil properties (Ta ble S1) 
were analyzed according to Embrapa [24]. Soil pH was determined in a 
1:2.5 soil/water extract. Available phosphorus (P) was estimated by 
photometry. Soil temperature was measured for 5 min at a depth of 10 
cm using a probe thermometer during each soil sampling. Soil moisture 
content was estimated using the gravimetric method, expressed as the 
mass of water per mass of dry soil. 

The microbial biomass carbon (MBC) was assessed according to 
Vance et al. [25], through the extraction of C from fumigated and 
unfumigated soils by potassium dichromate. An extraction efficiency 
coefficient of 0.41 was applied to convert the difference in C between 
fumigated and unfumigated soil into microbial biomass C. Total organic 
C (TOC) was determined by the wet combustion method using a mixture 
of potassium dichromate and sulfuric acid under heating [26]. The mi
crobial quotient (qMic) was defined as the ratio between MBC and TOC 
[27]. The hydrolysis of fluorescein diacetate (FDA) and the dehydro
genase activity (DHA) were estimated according to Schnürer and Ross
wall [28] and Casida et al. [29], respectively. The evaluation of FDA, 
which measures the activities of esterases, proteases, and lipases [30], 
was conducted by incubating soil samples with and without fluorescein 
diacetate, followed by the measurement of fluorescein content using 
spectrophotometry. The evaluation of DHA was based on the spectro
photometric determination of triphenyl tetrazolium formazan (TTF). 
The urease activity was determined according to Kandeler and Gerber 
[31], using urea as a substrate and the amount of ammonia produced 
being measured by spectrophotometry. The activity of acid phosphatase 
was evaluated through colorimetric estimation of p-nitrophenol [32]. 

2.3. Statistical analysis 

The significance tests of the treatment effects (soil management [no- 
tillage (NT) and integrated crop-livestock (ICL)], and collection time 
(five sample times) and their interactions were performed using the 
analysis of variance with repeated measures (ANOVAR) in RStudio 
2023.12.0–369 software. Shapiro-Wilk, Levene’s and Mauchly’s tests for 
normality, homogeneity of variances and sphericity, respectively, were 
used to ensure non-violation of the ANOVAR assumptions. Effect size 
was calculated as generalized eta squared (ƞ2G) [33]. All data showed 
sphericity and Greenhouse-Geiser correction was not applied. The 
normality and homogeneity of variances were observed in our dataset. 
Bonferroni’s test was used to access significant pair-wise differences. 
Linear discriminant analysis (LDA) was performed in Past 4.13 software. 
Permutational multivariate analysis of variance (PEMANOVA), based on 
Bray-Curtis’s index, was used to confirm the groups formed in LDA. 
Redundancy analysis (RDA) was carried out to evaluate the relation
ships between soil properties (explanatory variables) and microbial 
properties (response variables) using the vegan package in RStudio 
software. The temporal stability of soil microbial biomass and enzymatic 
activity was assessed according to Tilman et al. [34]. Temporal stability 
was calculated as the ratio between the mean and its temporal standard 

deviation for each variable evaluated in the experiment, subsequently 
tested using the non-parametric Wilcoxon test (p < 0.05). 

3. Results 

3.1. Soil microbial biomass C 

Soil microbial biomass C, microbial quotient, phosphatase, and 
urease were significantly affected by agricultural system, sampling time, 
and their interaction (Table 1). The results showed an effect size varying 
between 0.06 and 0.95 for agricultural systems, and between 0.63 and 
0.95 for sampling time. The effect size for the interaction between 
agricultural systems and sampling time was superior to 0.86. Soil mi
crobial biomass C was significantly higher in NT (March 2022), with a 
temporary decrease observed in June and a consistent increase from 
September to March (2023) (Fig. 2A). In contrast, microbial biomass C 
was initially lower in ICL (March 2022), temporarily increased in June, 
and then stabilized from September to March (2023). By the end of the 
sampling period (March 2023), the levels of soil microbial biomass C 
were similar in both NT and ICL. The microbial quotient initially showed 
similar values in both NT and ICL, while it increased in ICL and 
decreased in NT by June (Fig. 2B). From September (2022) to March 
(2023), the microbial quotient increased in NT, while ICL showed a 
decrease in this soil parameter. 

3.2. Soil enzymatic activity 

From March to June (2022), both phosphatase and dehydrogenase 
increased in ICL, followed by a subsequent decrease from September 
(2022) to March (2023) (Fig. 2C and D). In NT, both phosphatase and 
dehydrogenase consistently increased over time. Urease activity was 
consistently higher in NT and increased by the end of the sampling 
period (March 2023) (Fig. 2E). Regarding fluorescein diacetate hydro
lysis, NT showed a temporary increase in June followed by a decrease in 
September. Afterwards, fluorescein diacetate hydrolysis stabilized from 
December to March (2023). In ICL, fluorescein diacetate hydrolysis 
consistently decreased over time (Fig. 2F). 

3.3. Multivariate responses and temporal stability of microbial biomass 
and enzymatic activity 

The linear discriminant analysis showed distinct responses of soil 
microbial biomass and enzymatic activity at different sampling times 
(Fig. 3). In March 2022, we observed that both NT (with soybean) and 
ICL (with maize) exhibited a clear separation from other sampling times. 
From June (2022) through March (2023), the responses of each system 
differed. In NT, soil microbial properties clustered separately in June 
(with millet) compared to September and December (with straw), and 
March (2023; with soybean) which were closer. In ICL, soil microbial 
properties were closer in June and September (with pasture), while they 
showed separation in December (dried pasture) and March (2023; with 
soybean). 

On the other hand, when comparing the main drivers of soil bio
logical properties (Fig. 4), we observed soil pH positively influencing 
both dehydrogenase and phosphatase in NT (September and December) 
and ICL (September). Conversely, soil moisture and P positively drove 
the responses of microbial biomass C, microbial quotient, and TOC, 
mainly in ICL. The temporal stability of microbial biomass C and enzy
matic activity did not differ when comparing both NT and ICL (Fig. 5). 
The exception was dehydrogenase activity, where temporal stability was 
higher in NT (P = 0.029; Fig. 5E). 

4. Discussion 

In this study, we compared two well-known sustainable agricultural 
systems: no-tillage versus integrated crop-livestock, to assess their 
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Table 1 
ANOVA with repeated measures for the effects of soil management (SM), sampling time (ST) and their interaction (SM x ST) on all measured variables. Effect size was 
calculated as generalized eta squared (ƞ2

G).   

SM ST SM x ST Sphericitya 

p-value ƞ2
G p-value ƞ2

G p-value ƞ2
G 

Total organic C 0.41NS 0.06 <0.05 0.63 <0.05 0.90 0.15 
Microbial biomass C <0.05 0.78 <0.05 0.63 <0.05 0.94 0.60 
Microbial quotient <0.05 0.84 <0.05 0.58 <0.05 0.94 0.42 
Acid phosphatase <0.05 0.90 <0.05 0.94 <0.05 0.93 0.92 
Urease <0.05 0.95 <0.05 0.95 <0.05 0.86 0.26 
Dehydrogenase 0.18NS 0.07 <0.05 0.94 <0.05 0.87 0.24 
Fluorescein diacetate 0.31NS 0.07 <0.05 0.97 <0.05 0.91 0.50  

a Sphericity was examined with the Mauchly’s Test. NS = non-significant. 

Fig. 2. (A) microbial biomass C (MBC; mg C kg− 1 soil), (B) microbial quotient (qMic; %), (C) acid phosphatase (AciP; μg p-nitrophenol g soil h− 1), (D) urease (μg 
N–NH4 g− 1 soil h− 1), (E) dehydrogenase (DHA; mg TPF kg− 1 soil d− 1), and (F) fluorescein diacetate hydrolysis (FDA; μg FDA g− 1 soil) comparing no-tillage (NT) and 
integrated crop-livestock (ICL) systems and sampling times (1- March 2022; 2- June 2022; 3- September 2022; 4- December 2022; 5- March 2023). 

Fig. 3. Linear discriminant analysis (LDA) showing differences between the five collection times in soil under no-tillage (NT) or integrated crop-livestock (ICL). 
Sampling times: SP1 (March 2022); SP2 (June 2022); SP3 (September 2022); SP4 (December 2022); SP5 (March 2023). 
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impact on soil microbial biomass and enzymatic activity across seasons. 
In tropical regions, soil moisture is the main factor influenced by sea
sonal variation. Typically, higher levels of soil moisture are observed 
during the rainy season than the dry season, and soil moisture is 
recognized as a main driver of soil microbial biomass and enzymatic 
activity [21,35]. Therefore, it is expected that the responses of soil mi
crobial properties will be primarily influenced by soil moisture in 
tropical regions. However, our results showed that, regardless of typical 
seasonal variation, differences in soil management distinctly affected 
soil microbial biomass C and both urease and phosphatase activities. 
These results confirm our hypothesis, indicating varied responses of soil 
microbial biomass C and enzymatic activity to seasonal variation when 
comparing no-tillage and integrated crop-livestock. Our results also 
showed different effect sizes when comparing agricultural systems, 

sampling time, and interactions, where the effect size was significant for 
all variables when analyzing the interaction between agricultural sys
tems and sampling time [33]. Regardless of seasonal variation, the re
sults showed higher values of microbial biomass C and microbial 
quotient under integrated crop-livestock, while urease was more 
prominent under no-tillage. 

Specifically, higher microbial biomass C and microbial quotient were 
found from June to December in integrated crop-livestock. These results 
can be attributed to the permanent presence of pasture species, which 
provide abundant living roots [10], associated with the contribution of 
cattle excreta [9]. These characteristics support higher microbial 
biomass content and microbial quotient due to the input of more 
decomposable organic residues [36,37]. Indeed, a high microbial quo
tient may indicate the presence of less stable organic matter [38]. Pre
vious studies in Brazilian cerrado observed high microbial biomass C 
and microbial quotient in soil under integrated crop-livestock due to the 
presence of pastures and the contribution of animal excreta [9,10]. On 
the other hand, no-tillage is influenced by the addition of more stabi
lized C from long-term straw cover, which contributes less available C to 
microbial biomass [39]. Thus, this factor promotes a lower microbial 
quotient [38]. 

At the beginning of the experiment, we observed crop-specific effects 
on soil microbial biomass C, with soybean in no-tillage increasing mi
crobial biomass C compared to maize in integrated crop-livestock. This 
difference might be attributed to distinct root traits, such as root exu
dates, probably providing distinct C sources for microbial biomass [40]. 
For instance, soybean releases root exudates that provide more energy 
sources to soil microorganisms [41], leading to increased microbial 
biomass. Indeed, a previous study identified several C sources in the 
form of sugars released by soybean roots, such as glucose, arabinose, 
galactose, sucrose, kojibiose, and oligosaccharides [42]. Interestingly, 
both no-tillage and integrated crop-livestock under soybean in March 
2023 showed similar microbial biomass C, confirming this positive ef
fect of soybean on soil microbial biomass C. 

Enzymatic activity is crucial for soil functioning, with various pro
cesses depending on soil enzymes, including residue decomposition and 
mineralization of N, P, and S [43]. At the beginning and end of the 

Fig. 4. Redundance analysis showing the relationships between chemical soil 
proprieties (pH, soil phosphorus and soil moistures) and biological soil pa
rameters (SRP = soil respiration. TOC = total organic C. MBC = microbial 
biomass C. QMI = microbial quotient. APH = acid phosphatase. URE = urease. 
DES = dehydrogenase. FDA = fluorescein diacetate). RDA model was signifi
cant by ANOVA (F = 3.18; p = 0.012). 

Fig. 5. Temporal stability comparing no-tillage (NT) and integrated crop-livestock (ICL) systems for (A) microbial biomass C (MBC), (B) microbial quotient (qMic), 
(C) acid phosphatase (AciP), (D) urease, (E) dehydrogenase (DHA), and (F) fluorescein diacetate hydrolysis (FDA). Values on the top of each figure were tested using 
the non-parametric test of Wilcoxon (p < 0.05). 
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experiment, phosphatase activity increased in no-tillage, suggesting a 
potential contribution of soybean associated with straw cover [44]. For 
instance, Tyler [44] reported cover crops enhancing phosphatase ac
tivity under no-tillage, due to increased substrate availability. In inte
grated crop-livestock, lower phosphatase activity may be due to higher 
P-fertilizer addition in maize (2022) and soybean (2023) [45]. 
Regarding urease activity, this remained consistently higher in 
no-tillage and increased by the end of the sampling time (under soy
bean) (Fig. 2D). Similar to phosphatase activity, this higher urease ac
tivity can be attributed to straw presence [46]. In addition, high input of 
organic C [47] and the N-fixing ability by soybean contribute to 
increased urease activity [48]. Recently, Wen et al. [49] showed through 
a global meta-analysis that no-tillage associated with straw input 
effectively increases soil enzyme activity. 

We found no significant effect of both no-tillage and integrated crop- 
livestock on dehydrogenase and fluorescein diacetate hydrolysis. Since 
dehydrogenase and fluorescein diacetate hydrolysis are indicators of 
microbial activity [50], these results suggest that the practices applied in 
both systems were not enough to distinctly influence soil microbial ac
tivity. Particularly, both no-tillage and integrated crop-livestock main
tain permanent soil cover, by organic residues and plants, respectively, 
and presence of roots [51]. These factors contribute to the maintenance 
of soil microbial activity [52]. When comparing the effect of sampling 
time, the transition from soybean to pastures, in integrated 
crop-livestock, increased dehydrogenase activity, indicating a positive 
effect of pastures stimulating this enzyme due to high plant biomass 
[53]. In no-tillage, dehydrogenase showed lower variation, slightly 
increasing with straw presence, as also reported by Yan et al. [46] and 
Yang et al. [54]. In no-tillage, fluorescein diacetate hydrolysis tempo
rarily increased in June (under millet) and decreased in September 
(under straw). In integrated crop-livestock, fluorescein diacetate hy
drolysis consistently decreased over time. This result could be due to 
high substrate availability, potentially saturating esterase, which is an 
extracellular enzyme that degrades fluorescein, thus reducing fluores
cein diacetate hydrolysis [55]. 

The linear discriminant analysis showed that soil microbial biomass 
and enzymatic activity responded to different plant species and soil 
management practices. When comparing soybean and maize grown 
under no-tillage and integrated crop-livestock, respectively, distinct 
responses in soil microbial properties were observed. For instance, soil 
microbial biomass C temporarily decreased in no-tillage when millet 
was cultivated and increased in integrated crop-livestock when pasture 
and cattle were present. This means that changing plant species within 
these systems (e.g., switching soybean to millet, and maize to pastures, 
in no-tillage and integrated crop-livestock, respectively) led to different 
microbial responses, particularly when straw cover was present on the 
soil surface in no-tillage. The presence of millet adds a more recalcitrant 
C in no-tillage, while pastures and cattle manure, in integrated livestock, 
contribute to a more labile C and N. This main difference can contribute 
to distinct responses of soil microbial biomass and enzymatic activity. 
Our results confirm that the distinct plant species [56]. grown and the 
way the soil is managed significantly impact soil microbial biomass and 
activity [57,58]. In addition, the presence of organic residues, in 
no-tillage, modulates the response of microbial biomass and enzymatic 
activity, and this occurs due to the chemical composition of the organic 
residues returned to the soil, which influences microbial responses [59]. 
In our study, millet straw has a more recalcitrant C, which temporarily 
reduces soil microbial biomass in the no-tillage system when this residue 
is present. 

Soil pH was the main driver of dehydrogenase in NT (September and 
December) and ICL (September). During these periods, there is the 
presence of straw cover in no-tillage (millet straw) and integrated crop- 
livestock (dried pastures), confirming the effect of straw associated with 
pH on soil dehydrogenase activity [60]. Soil moisture, as an important 
driver in tropical regions, was found to be related to microbial biomass 
and organic C in integrated crop-livestock, suggesting the effect of living 

plants and roots [61]. Additionally, available P was shown to be an 
important driver of microbial biomass in integrated crop-livestock. This 
means that higher availability of P can increase soil microbial biomass C 
[62]. However, greater microbial biomass could increase the availability 
of P from organic matter in integrated crop-livestock through enzymatic 
processes [63]. 

Our results showed that the temporal stability of microbial biomass 
and enzymatic activity does not differ when comparing integrated crop- 
livestock and no-tillage. This may be due to the continuous input of 
organic residues associated with less disturbance by zero or reduced 
tillage in both systems [64]. Indeed, Kostin et al. [65] reported that 
agricultural systems with fewer perturbations have higher stabilization 
of microbial properties. Thus, the adoption of agricultural practices with 
lower soil disturbance associated with the addition of organic residues 
will contribute to maintaining more stable and resilient microbial 
properties over time [65], promoting long-term soil health and 
ecosystem sustainability. 

Although different temporal dynamics were observed comparing 
both agricultural systems, the no-tillage promoted in general higher 
phosphatase and urease activities. These findings support the idea of 
continuous input of straw into the soil to increase enzymatic activity 
related to P and N cycling [66]. This increases the availability of plant 
nutrients and crop productivity [12]. These findings reinforce the 
importance of agricultural management practices, such as the no-tillage 
system, in stimulating enzymatic activity. These microbial indicators are 
critical for maintaining soil health and long-term agricultural produc
tivity [67] Future studies should elucidate the mechanisms driving these 
seasonal variations to direct agricultural management strategies for 
enhancing soil health and sustainability. 

5. Conclusion 

This study demonstrated that the responses of soil microbial biomass 
and enzymatic activity differ between no-tillage and integrated crop- 
livestock systems. Furthermore, the impact of seasonal variations in 
tropical soils on soil microbial biomass and enzymatic activity depends 
on the characteristics of each agricultural system. Our findings showed 
the effects of crop succession and millet straw cover in integrated crop- 
livestock and no-tillage, respectively, on microbial biomass C, urease, 
and phosphatase activity. Additionally, the distinct responses of soil 
microbial properties observed at different sampling times suggest a 
direct effect of agricultural systems, which can have implications for 
system-specific management practices. 
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