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Temporal Variation of Soil Microbial Properties  
in a Corn–Wheat–Soybean System

Soil  Biology & Biochemistry

Soil microbial properties vary temporally with crop development and species, 
but this change is poorly characterized. Our objective was to assess how till-
age and crop development mediate changes in soil microbial properties in a 
corn–winter wheat–soybean system. We evaluated microbial activity through 
extracellular enzyme activities, microbial communities through phospholipid 
fatty acid profile, and soil physicochemical properties (including water con-
tent, pH, and soil nutrients) at different crop stages. Tillage reduced microbial 
activity and microbial biomass but only in the upper 5 cm. Hydrolase activi-
ties and microbial biomass exhibited temporal variation with crop growth, but 
measured microbial properties were unresponsive to tillage or fertilizer events. 
Wheat resulted in higher active C and soil organic matter quality than corn, 
as indicated by b-glucosidase/oxidase activity ratio. Greater substrate avail-
ability after corn harvest stimulated the production of enzymes and higher 
bacterial and fungal biomass to decompose the recalcitrant C. The microbial 
lipid community was different in soybean than in either corn or wheat. These 
results suggest that, in addition to tillage, crop type was an important driver 
of change in soil microbial properties. Wheat resulted in higher soil hydrolase 
activity and microbial biomass than corn. The lack of residue from the preced-
ing crop may explain the lower microbial biomass and activity during corn 
growth. Incorporating wheat in the crop rotation may provide rhizosphere C 
inputs that support greater microbial activity. Significant temporal variation in 
soil microbial properties indicates the need to consider time of soil sampling 
to better capture the variability of soil health assessments.

Abbreviations: AP, acid phosphatase; bG, b-glucosidase; CT, conventional tillage; NAG, N-acetyl-b-d-
glucosaminidase; NT, no-till; PHX, phenol oxidase; PLFA, phospholipid fatty acid; POX, peroxidase.

Soil supports a dynamic ecosystem that responds to weather and plant growth. 
Distinct soil environments may be only micrometers or centimeters apart 
and yet differ in their abiotic features, microbial activity, and microbial com-

munity composition (Baldrian, 2014; Fierer, 2017). Environmental conditions, 
including soil temperature and water content (Castaño et al., 2017), the quality 
and quantity of organic matter (Fierer, 2017), soil pH, and macro- or micronutri-
ents, can vary at different timescales due to plant development (De-la-Peña et al., 
2010) and human disturbances, such as tillage operations or fertilizer application 
(Ashworth et al., 2017).

Crop rotations can affect soil microbial properties in agricultural systems 
(Ashworth et al., 2017; Lauber et al., 2013). Greater heterogeneity of plant inputs 
in the form of aboveground crop residue, senescent roots, and root exudates pro-
duces more habitable resource niches in soil (McDaniel et al., 2014). Diverse crop 
rotations enhance microbial diversity (Eisenhauer et al., 2010; Venter et al., 2016), 
microbial biomass (McDaniel et al., 2014), microbial carbon (C)-use efficiency 
(McDaniel and Grandy, 2016) and enhance soil physical properties, including wa-
ter-use efficiency and the stability of soil temperature (Venter et al., 2016). Despite 
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evidence of crop rotational benefits, benefits to microbial prop-
erties from different crops are inconsistent between locations 
(Venter et al., 2016).

The chemical composition of crop tissues may influence the 
decomposition rate of litter material (Beyaert and Voroney, 2011; 
Broder and Wagner, 1988), nutrient cycling, and microbial proper-
ties in soil (McDaniel et al., 2014). The decomposition rate of crop 
tissues was negatively correlated to the C/N ratio and hemicellulose 
content (Beyaert and Voroney, 2011; McDaniel et al., 2014). Both 
corn (Zea mays L.) and wheat (Triticum aestivum L.) tissues have 
high C/N ratios of around 35 to 40. Conversely, the C/N ratio of 
soybean [Glycine max (L.) Merr.] tissue is <15. The hemicellulose 
content in corn is ?300 g hemicellulose kg−1 dry weight plant resi-
due, and the level is 200 g hemicellulose kg−1 plant residue in wheat 
and 100 g hemicellulose kg−1 plant residue in soybean (Broder and 
Wagner, 1988; McDaniel et al., 2014). Senescent root has a lower 
decomposition rate compared with residue due to greater lignin 
content, physical protection through root–mycorrhiza interactions, 
and chemical interactions with metal ions (Jacobs et al., 2018; Rasse 
et al., 2005; Wang et al., 2015). Of these three crops, soybean was 
expected to have the most rapid decay rate, followed by wheat and 
corn. Wang et al. (2015) reported an almost two-fold faster de-
composition rate of wheat roots than corn roots in a corn–wheat 
rotation system. Studies in the monoculture cropping systems also 
found that more of the total assimilated C was translocated into 
the soil from the roots of wheat than from roots of corn (Fuentes 
et al., 2010; Liljeroth et al., 1994). Cheng et al. (2003) also reported 
that the rate of soil organic matter decomposition in the soybean 
rhizosphere was significantly higher than in the wheat rhizosphere. 
The rapid decay rate of crop residue drives a greater response in soil 
microbial properties than the slower rate.

Differences in soil type and the associated physiochemical 
environment and complicated weather–plant–microbe interac-
tions may overshadow the direct effects of various crop tissues 
on soil microbial properties (Ashworth et al., 2017; Balota et al., 
2004). A study of denitrifiers and nitrite oxidizers in microbial 
communities found that some microbial communities can recover 
quickly after perturbation events, such as exposure to increased 
temperature (Shade et al., 2013). This was likely due to acclima-
tion of microbial growth or nutrient use efficiency to the new 
conditions (Slaughter et al., 2015). Widespread dormancy of 
populations within a microbial community can also reduce the 
degree of change in soil microbial properties after event-based 
perturbations in a range of systems (Duncan et al., 2016). In ad-
dition to providing a nutrient-rich environment, plants can medi-
ate positive or negative interactions in the rhizosphere, including 
stimulating symbiosis with rhizobia and mycorrhizal fungi that 
increase nutrient uptake (el Zahar Haichar et al., 2014). These 
patterns highlighted a need to study the temporal variability of 
soil biological and geochemical changes over time (Ashworth et 
al., 2017). Because soil microbes are responsible for organic mat-
ter degradation and nutrient cycling and respond more quickly 
to changing environmental conditions, an understanding of the 
temporal variability in soil microbial properties can establish a 

more comprehensive picture of soil function and how soil func-
tion changes with agricultural practices.

Tillage is known to have negative impacts on soil chemical 
and biological properties in various soil types (Mbuthia et al., 
2015; Roger-Estrade et al., 2010; van Capelle et al., 2012). Hsiao 
et al. (2018) reported that management practices influence mi-
crobial activity in both the surface soil and the deeper layer in the 
same field. No-till (NT) production led to an overall increase in 
enzyme activities, bacterial biomass, and fungal biomass, especially 
in the 0- to 5-cm layer of the soil profile, and differed from that 
measured under conventional till (CT). The dynamics of these ef-
fects over the crop growing season are of primary interest.

Compared with spatial variability, fewer studies have specifi-
cally focused on temporal variability in soil microbial properties. 
The majority of temporal studies focused on either changes with 
seasons or after a long-term crop rotation. In this study, we inves-
tigated a fundamental and unanswered question of how crop de-
velopment stage interacted with tillage management to alter soil 
microbial properties. The objective of this study was to assess the 
seasonal changes in soil microbial activity and community com-
position at different crop development stages in a corn–winter 
wheat–soybean rotation under CT and NT practices. We hy-
pothesized that, given the difference in amount and composition 
of crop residues and senescent roots, soil microbial properties 
would vary with crop development stages. Crop residues and root 
activities dictate the microbial activity and community composi-
tion, but abiotic conditions, such as temperature and soil water, 
can restrict microbial activity and biomass. Soil extracellular en-
zyme activity was used as an indicator of microbial activity, and 
phospholipid fatty acid (PLFA) was used as an indicator of active 
microbial biomass (Paul, 2016). Soil physiochemical characteris-
tics were also measured over time, including soil water content, pH, 
permanganate oxidizable C (also known as active C), plant avail-
able nitrogen (N), and plant available phosphorus (P).

MATERIALS AND METHODS
Site and Experimental Design

The research was conducted at the Southeast Research and 
Extension Center located in Cherokee County, Kansas (37.21 
N, 94.87 W). The field is located on the northern edge of the 
Humid Subtropical climate zone near the Humid Continental 
Zone in the Cherokee Lowlands ecoregion of the tallgrass prai-
rie. Average daily temperatures in the region ranged from −0.7°C 
in January to 20.5°C in July. Average annual precipitation was 
1050 mm, with most precipitation commonly received in the 
spring (March–June) (Table 1). The predominant soil type in 
the field was a Parsons silt loam (fine, mixed, active, thermic 
Mollic Albaqualfs) with 0.2% slope.

The experiment compared two tillage treatments over 2 yr in a 
three-crop rotation common to the region (corn–winter wheat–soy-
bean–fallow over 2 yr) in a crossed design with three replications and 
repeat measurements. The field had been in a corn–winter wheat–soy-
bean rotation for more than 5 yr, with all crops grown each year. The 
first treatment factor was tillage, including CT (plot size 9.1 m × 21.3 
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m) and NT (plot size 9.1 m × 36.6 m). The CT practice included 
chisel plowing and disking prior to planting corn and disk harrow af-
ter corn harvest prior to wheat planting. Soybean was planted by NT 
after wheat harvest for both tillage treatments, which is the common 
practice in the region. All crops were grown each year and replicated 
over 2 yr. Crop sequence was the second factor, including corn–winter 
wheat–soybean–fallow (Sequence 1) and soybean–fallow–corn–win-
ter wheat (Sequence 2) (Fig. 1). Sampling was conducted at roughly 
three development stages within each of the three crops: after planting, 
at flowering, and at harvest. Dormant wheat and fallow between soy-
bean and corn planting in December and February were also included. 
Wheat harvest and soybean planting were coincident. Mineral fertil-
izers were applied. For corn, 179.3 kg N ha−1, 51.6 kg P ha−1, and 
67.3 kg K ha−1 were knifed in 12 to 15 cm deep each year as base fertil-
izer. For wheat, 33.6 kg N ha−1, 10.1 kg P ha−1, and 25.8 kg K ha−1 
were applied prior to wheat planting, with a side-dress application of 
an additional 89.7 kg N ha−1 broadcast after the dormant period. No 
fertilizer was applied to soybean.

Soil Sampling
Soils were sampled below the plant litter using a standard soil 

corer (2.5 cm diameter) at two depths (from 0 to 5 cm and from 5 
to 15 cm) in each plot every 2 mo from April 2016 to February 
2018. Soil samples were refrigerated at 4°C and transported to the 
Soil Microbial Agroecology laboratory at Kansas State University in 
Manhattan, KS. Soil from each plot was composited, homogenized, 
and subsampled for analyses. Subsamples for chemical properties were 
air-dried, ground, and sieved through 2-mm mesh. Subsamples for 
microbial properties were stored at −20°C before further processing.

Soil Physiochemical Measurements
Soil gravimetric water content was 

determined after oven-drying samples for 
24 h at 105°C. Soil pH was determined 
in a 1:10 soil/water slurry. Permanganate 
oxidizable C, also known as active C, was 
determined following a modified Weil 
method (Weil et al., 2003). Briefly, 2.5 g of 
air-dried soil was added to a 50-mL poly-

propylene centrifuge tube with 2 mL of 0.2 M KMnO4 solution 
and 18 mL of distilled water. Tubes were shaken for exactly 2 
min at 200 oscillations per minute and allowed to settle for ex-
actly 5 min. After that, 0.5 mL of the upper 1 cm supernatant was 
transferred into a second 50-mL centrifuge tube and mixed with 
49.5 mL of distilled water. A set of internal standards, blank, and 
1 mL of the diluted solution was loaded individually into 1.5-
mL glass cuvettes, and absorbance was read with a colorimeter 
at 550 nm.

Available nutrients were measured using the standard 1 M 
KCl extraction for plant available N (Keeney, 1982) and Mehlich-3 
(Frank et al., 1988) for available P by the Soil Testing Laboratory at 
Kansas State University, Manhattan, KS. Air temperature and pre-
cipitation data were downloaded from a weather station located at 
Columbus, KS, through the Kansas Mesonet (2018).

Extracellular Enzyme Activities
Soil hydrolytic and oxidative potential activities were mea-

sured using fluorometric substrates 4-methylumbelliferone and 
colorimetric substrate L-3,4-dihydroxyphenylalanine following 
protocols presented by Zeglin et al. (2013). Hydrolase assays in-
cluded a C-acquiring enzyme (b-glucosidase [bG], EC 3.2.1.21, 
2-h incubation), a P-acquiring enzyme (acid phosphatase [AP], EC 
3.1.3.2, 2-h incubation), and an N-acquiring enzyme (N-acetyl-b-d-
glucosaminidase [NAG], EC 3.2.1.30, 4-h incubation). Preliminary 
data indicated that leucine-aminopeptidase (LAP, EC 3.4.11.1) 
activity was relatively low compared with NAG, which is common 
in acid-to-neutral soils such as those in this study. Therefore, only 
NAG activity was examined and used as levels of N-acquiring en-
zyme in this study. The bG hydrolyzes b-d-glucopyranosides in 
the degradation of cellulose. The NAG cleaves the amino sugar 

Table 1. Soil average daily temperature at 5 cm and cumulative rainfall between sampling dates during the study period.

Sample
number

Sampling 
date

5-yr average soil  
temperature at 5 cm

Average soil temperature
at 5 cm on sampling date

Average cumulative 10-yr rainfall 
between sampling dates

Cumulative rainfall 
between sampling dates

——————— °C ——————— ——————— mm ———————
1 26 Apr. 2016 15.6 17.8 180.0 149.9
2 21 June 2016 25.3 25.8 260.0 195.6
3 24 Aug. 2016 23.2 23.0 172.5 220.5
4 21 Oct. 2016 16.2 18.5 215.0 374.7
5 29 Dec. 2016 4.0 7.8 125.0 45.0
6 18 Feb. 2017 6.4 8.8 52.5 88.1
7 19 Apr. 2017 15.6 19.6 145.0 133.9
8 14 June 2017 24.8 24.6 287.5 445.0
9 20 Aug. 2017 23.9 24.2 180.0 262.6
10 28 Oct. 2017 14.8 13.2 232.5 205.5
11 20 Dec. 2017 6.2 8.0 87.5 32.3

12 14 Feb. 2018 5.7 3.0 75.0 37.6
All data were gathered from Kansas Mesonet (Kansas Mesonet, 2018).

Fig. 1. Crop growing sequence and sampling times during the study period. Sampling time and 
crop stages are indicated by shaded areas: sample number (orange), corn (blue), wheat (yellow), 
soybean (green), and fallow (white).
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N-acetyl-b-d-galactosamine from chitin in soils. Acid phosphatase 
releases inorganic P from soil organic matter into biologically avail-
able forms. Oxidase assays included two main categories of lignin 
degradation enzymes: phenol oxidase (PHX) (EC 1.10.3.2, 18-h 
assay) and peroxidase (POX) (EC 1.11.1.7, 18-h assay). These 
enzymes control the rate-limiting steps of nutrient cycling. All as-
says were run at room temperature in 50 mM pH 5 acetate buffer 
with blanks and quench controls for each sample. Potential enzyme 
activities were reported as nanomoles activity per gram of dry soil 
per hour. The bG/oxidase activity ratio was an indicator used of 
soil organic matter quality (McDaniel et al., 2014; Sinsabaugh and 
Follstad Shah, 2012), calculated by dividing the bG activity by the 
sum of PHX and POX activities.

Phospholipid Fatty Acid
Soil microbial biomass was estimated as the sum of all PLFA 

concentrations following the modified protocol from the White 
and Ringelberg method (Hsiao et al., 2018; White et al., 1997). 
Total lipids were extracted using a 2:1:0.8 solution of metha-
nol, chloroform, and phosphate buffer on 5 g of freeze-dried soil. 
Phospholipids were isolated using silicic acid chromatography col-
umns (disposable BAKERBOND SPE Columns, J.T. Baker) and 
methylated to fatty acid methyl esters using 0.2 M methanolic po-
tassium hydroxide. Fatty acid methyl esters were dissolved in hexane 
and quantified with a mass spectrometer (Trace GC-ISQ, Thermo 
Fisher Scientific) equipped with a DB5-MS column (30 m × 250 
mm in diameter × 0.25 mm film thickness; Agilent Technologies). 
Internal standard 19:0 fatty acid methyl esters were used to deter-
mine concentrations. The PLFA concentration was reported as 
nmol PLFA per gram of dry soil. Microbial groups were assigned 
based on characteristics of biomarkers: iso and ante-iso branched 
lipids often belong to Gram-positive bacteria, monosaturated and 
cyclopropyl lipids often belong to Gram-negative bacteria, actino-
bacteria have more methyl-branched fatty acids, and methyl linole-
ate (18:2w9,12c) is typically found in fungi (Frostegård et al., 2011; 
White et al., 1997). The fungal/bacterial ratios were calculated by 
dividing the sum of fungal biomarkers by the sum of Gram-positive 
bacteria, Gram-negative bacteria, and actinomycetes. Microbial bio-
mass was estimated as the sum of all PLFA biomarkers.

Phospholipid fatty acid was also used to assess microbial com-
munity structure (Duncan et al., 2016; Findlay and Dobbs, 1993; 
Slaughter et al., 2015). Although the assignment of individual 
fatty acid biomarkers to a particular group of PLFAs for detecting 
community change is controversial in some studies (Frostegård et 
al., 2011), we used fatty acid biomarkers to identify a broad-scale 
shift of soil microbial community to avoid potential errors in this 
study (Duncan et al., 2016; Slaughter et al., 2015). The relative 
abundance of individual fatty acid biomarkers was calculated. Of 
those, 18 fatty acid biomarkers with >1% abundance were used 
for the community structure analyses (10Me16, 10Me18, i15, a15, 
16:0, i16, 16:1w5c, 16:1w7c, 16:1w9c, 17:0, i17, a17, cy17, 18:0, 
18:1w7c, 18:1w9c, 18:2w9c, and 18:2w6c).

Data Analysis
The effects of tillage (NT and CT), crop sequence 

(Sequence 1 and 2), crop development stage, and their interac-
tions on soil chemical and microbial properties were compared 
using repeated measures ANOVA in linear mixed effects model 
by using R (R Core Team, 2013). Post hoc multiple comparisons 
were made using the Tukey adjustment. Correlation between 
the measured soil parameters and factors was summarized using 
Pearson’s correlation coefficient. Block and crop sequence with-
in block were random factors. Dependent variables were tested 
for the assumption of normality using Shapiro–Wilk test and 
log-transformed when necessary. The Bray–Curtis dissimilarity 
of the most abundant fatty acid biomarkers between different 
sampling points was assessed using nonmetric multidimensional 
scaling (NMDS) ordination. The significance of the experimen-
tal factors on the dissimilarity of PLFAs was analyzed by permu-
tational multivariate ANOVA. The significance of all tests was 
evaluated using an a value of 0.05. All errors were reported as 
standard errors.

RESULTS
Climate and Soil Chemical Properties

Soil temperatures at 5 cm had the expected annual variation, 
with warmer temperatures in the summer and cooler temperatures 
in the winter (Table 1). Soil temperatures on sampling dates did 
not vary considerably from the 5-yr average soil temperatures. The 
only noticeable shift was an increase in soil temperatures during 
the fall of 2016 through winter 2017. Cumulative precipitation 
between sampling dates had two periods of high precipitation in 
the spring (May to June) and fall (September to October), with 
the lowest precipitation amounts received in the winter months 
(December to February). The precipitation patterns deviated 
from normal, with less rain in late spring in 2016 than normal 
(196 vs. 260 mm in June) and more rain in fall than normal (374 
vs. 215 mm in December). Conversely, late spring of 2017 (June) 
was much wetter than normal, with 445 mm rain (average, 287 
mm) (Table 1). Overall, about 250 mm less rain was received from 
April to June 2016 than in 2017, indicating a drier season for corn 
growth in Sequence 1 and wheat harvest in Sequence 2.

Soil water content was significantly affected by crop stage × 
tillage × sequence interactions at the 0- to 5-cm depth (Table 2). 
Crop stage × sequence and crop stage × tillage interactions 
were significant at the 5- to 15-cm depth (Table 2). Soil water 
content decreased to <0.10 g H2O g−1 soil after corn flower-
ing, increased after corn harvest, and remained constant during 
the wheat growing period at both depths (Fig. 2). Soil water de-
creased after wheat harvest and increased after soybean harvest. 
Soil water content was higher in NT than CT after corn harvest 
and during wheat growth.

Soil pH was significantly affected by crop stage × sequence 
and crop stage × tillage interactions at the 0- to 5-cm depth 
(Table 2). Soil pH decreased after corn flowering in June, in-
creased after corn harvest, and further increased during the win-
ter fallow period (Fig. 2A).
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Active C was significantly affected by crop stage × tillage 
× sequence interaction at the 0- to 5-cm depth (Table 2) and 
by crop stage × sequence interaction at the 5- to 15-cm depth 
(Table 2). Both NT and CT soils had similar temporal trends at 
both depths, with active C nearly level during corn and soybean 
growth, increasing during the winter, and highest in the fallow 
period in Sequence 1 and wheat dormancy period in Sequence 2 
(Fig. 2). At the 0- to 5-cm layer depth, active C in NT was higher 
than CT after soybean flowering and fallow period in Sequence 
1, whereas active C in NT was higher after wheat dormancy and 
flowering in Sequence 2.

Soil available N was significantly affected by crop stage × 
sequence and crop stage × tillage interactions at the 0- to 5-cm 
depth (Table 2) and by crop stage × tillage × sequence interac-
tions at the 5- to 15-cm depth (Table 2). Available N increased 
after fertilizer application prior to corn planting, decreased af-

ter corn harvest, and increased after fertilizer application before 
wheat flowering in April (Fig. 2). Levels decreased after wheat 
flowering and continued a slow decrease during the fallow pe-
riods. The increases after fertilization were higher in NT than 
CT. The available N in Sequence 1 was lower than in Sequence 2 
after corn flowering and during wheat growth.

Soil available P was significantly affected by tillage and by crop 
stage × sequence interactions at the 0- to 5-cm depth (Table 2). 
Interactions between tillage, crop stage, and sequence were signifi-
cant at the 5- to 15-cm depth (Table 2). Available P also increased 
after fertilizer application prior to corn planting and decreased af-
ter corn harvest at both depths. Available P increased during the 
wheat dormancy period at the 0- to 5-cm depth. However, P levels 
remained higher for longer periods than available N. Available P 
with NT was higher than with CT at the 0- to 5-cm depth and at 
most measurement times at the 5- to 15-cm depth.

Table 2. Summary of the p values from ANOVA for effects of treatment and crop stages on soil properties.†

Water pH Active C ln(Av. N) ln(Av. P)

0–5 cm

Tillage (T) 0.247 0.196 0.084 0.014* 0.004**

Sequence (S) 0.004** 0.021* 0.148 0.002** 0.307

Crop stage (C) <0.001*** <0.001*** 0.001** <0.001*** <0.001***

T × S 0.693 0.120 0.755 0.548 0.393

C × S <0.001*** <0.001*** <0.001*** <0.001*** <0.001***

C × T <0.001*** 0.022* 0.087 0.001** 0.214

C × T × S 0.009** 0.958 0.002** 0.090 0.297

ln(bG) ln(AP) ln(NAG) b:Oxi Microbial biomass ln(Fungi) F:B

T 0.003** <0.001*** 0.009** 0.192 0.007** 0.053 0.746

S 0.330 0.026* 0.956 0.058 0.446 0.024* 0.211

C 0.097 0.015* 0.313 0.779 <0.001*** <0.001*** <0.001***

T × S 0.090 0.020* 0.102 0.590 0.565 0.082 0.334

C × S 0.491 <0.001*** 0.981 0.590 <0.001*** 0.004** 0.006**

C × T 0.244 0.667 0.291 0.084 0.301 0.257 0.291

C × T × S 0.478 0.835 0.712 0.031* 0.136 0.031* 0.097

5–15 cm
Water pH Active C ln(Av. N) ln(Av. P)

T 0.009** 0.142 0.585 <0.001*** 0.054

S <0.001*** 0.145 0.289 0.011* 0.026*

C  0.001*** 0.052 <0.001*** <0.001*** 0.657**

T × S 0.738 0.296 0.802 0.255 0.031*

C × S <0.001*** 0.590 <0.001*** <0.001*** 0.007**

C × T 0.023* 0.179 0.262 0.036* 0.120

C × T × S 0.052 0.360 0.363 0.019* 0.019*

ln(bG) ln(AP) ln(NAG) b:Oxi Microbial biomass ln(fungi) F:B

T 0.231 0.349 0.243 0.738 0.239 0.535 0.824

S 0.328 0.010** 0.016* 0.891 0.521 0.477 0.853

C 0.497 <0.001*** 0.014* 0.369 0.044* 0.085 0.008**

T × S 0.577 0.626 0.390 0.875 0.660 0.268 0.330

C × S 0.144 <0.001*** 0.077 0.055 <0.001*** 0.007** 0.371

C × T 0.497 0.395 0.595 0.442 0.725 0.735 0.645

C × T × S 0.203 0.088 0.262 0.576 0.202 0.148 0.145
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
†  Dependent variables were log-transformed when necessary to meet the assumption of normality. AP, acid phosphatase; Av. N, available nitrogen; 

Av. P, available phosphorus; bG, b-glucosidase; b:Oxi, b-glucosidase to oxidase (phenol oxidase and peroxidase) activities ratio; F:B, fungal to 
bacterial ratio; NAG, N-acetyl glucosaminidase.
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Extracellular Enzyme Activity Profiles

Soil bG activity, an indicator of C mineralization poten-
tial, was significantly affected by tillage at the 0- to 5-cm depth 
(Table  2). Higher bG activity was measured at the 0- to 5-cm 
depth of NT soils (Fig. 3A). The activity of bG was lower at the 
5- to 15-cm soil depth (Fig. 3B), with no statistical difference be-
tween tillage treatments (Table 2). Soil bG activity increased dur-
ing the winter wheat or fallow periods, with higher activity during 
December 2017 to February 2018 (winter fallow in Sequence 1; 
wheat dormant period in Sequence 2). The activity was steady or 
declining during the summer growing seasons for corn and soy-
beans, with inconsistent patterns between sequences.

Soil AP activity, an indicator of P mineralization potential, 
was significantly affected by tillage-sequence and crop stage × se-
quence interactions at the 0- to 5-cm depth (Table 2). A signifi-
cant interaction of crop stage and sequence occurred at the 5- to 
15-cm depth (Table 2). Temporal dynamics of AP activity were 
different between the two sequences. In Sequence 1, levels of AP 
activity were constant during corn growth and wheat dormancy, 
decreased after soybean harvest, and declined further during the 
winter fallow in February (Fig. 3). In Sequence 2, AP activities 
decreased from corn planting to flowering, increased after corn 
harvest, and increased further after wheat flowering. Activity 
remained relatively constant during soybean growth and winter 

Fig. 2. Temporal changes in soil chemical properties for conventional tillage (CT) and no-till (NT) during the crop development stages at the 0- to 
5-cm depth (A) and the 5- to 15-cm depth (B). Sequence 1 is a corn–wheat–soybean–fallow crop sequence in 2 yr; Sequence 2 is a soybean–
fallow–corn–wheat sequence. Crop stages are indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow (white). Sample 
numbers are given in the bar at the bottom (1–12). Av. N, plant available nitrogen; Av. P, plant available phosphorus; Active C is also known as 
permanganate oxidizable C. Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as means + SE (n = 8).
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fallow. This pattern was more apparent in the top 0 to 5 cm and 
was similar in both NT and CT, with higher activities in NT at 
the 0- to 5-cm depth. Soil AP activity was positively correlated 
with bG activity (r = 0.75; p < 0.001) (Fig. 4).

Soil NAG activity, an indicator of N mineralization poten-
tial, was significantly affected by tillage at the 0- to 5-cm depth 
(Table 2) and by crop stage and sequence at the 5- to 15-cm depth 
(Table 2). The NAG activity levels were higher in NT compared 
with CT at the 0- to 5-cm depth (Fig. 3A). During the wheat 
growing season, NAG increased and then declined during soy-
bean growth (Fig. 3B). The pattern was similar at both depths 

but was significant only at the 5- to 15-cm depth. This pattern 
was clearer in Sequence 1. Soil NAG activity was positively cor-
related with bG and AP activity (r = 0.67 and 0.62, respectively; 
p < 0.001 for both correlations) (Fig. 4).

The ratio of bG activity to oxidative enzyme activity, reflect-
ing the degree to which microbes degrade lignin (oxidases, PHX, 
and POX) to access cellulose C (bG), can be used as an indica-
tor of soil organic matter quality, with higher values suggesting 
greater lability (Sinsabaugh and Follstad Shah, 2012). The bG/
oxidase ratio was significantly affected by crop stage × tillage × 
sequence interactions at the 0- to 5-cm depth (Table 2). The ratio 

Fig. 2. (Panel B) Temporal changes in soil chemical properties for conventional tillage (CT) and no-till (NT) during the crop development stages 
at (A) the 0- to 5-cm depth and (B) the 5- to 15-cm depth. Sequence 1 is a corn–wheat–soybean–fallow crop sequence in 2 yr; Sequence 2 is 
a soybean–fallow–corn–wheat sequence. Crop stages are indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow 
(white). Sample numbers are given in the bar at the bottom (1–12). Av. N, plant available nitrogen; Av. P, plant available phosphorus; Active C 
is also known as permanganate oxidizable C. Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as 
means + SE (n = 8).
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increased during the wheat growth and fallow periods, whereas 
it decreased or remained relatively level during corn and soybean 
growth (Fig. 5A). The ratios were higher in NT compared with 
CT. There was no discernible temporal pattern of bG/oxidase 
ratio at the 5- to 15-cm depth (Fig. 5B).

Soil POX activity was significantly affected by crop stage 
× sequence interactions at the 0- to 5-cm depth (Supplemental 
Table S1A) and crop stage × tillage × sequence interactions at 
the 5- to 15-cm depth (Supplemental Table S1B). The high-
est activity occurred in the early spring after corn planting and 
wheat dormancy in Sequence 1. In Sequence 2, soil POX was 
highest after corn planting and wheat flowering in both soil lay-
ers (Supplemental Fig. S1). Activity of POX was lowest during 
the fallow period in Sequence 1 and during the wheat-dormant 
periods in Sequence 2 but was relatively stable during the other 
growing seasons. The POX activity was higher in NT at the 5- to 
15-cm depth.

Phospholipid Fatty Acid Profiles
Microbial biomass was significantly affected by tillage 

and crop stage × sequence interactions at the 0- to 5-cm depth 

(Supplemental Table 2). At the 5- to 15-cm depth, the crop stage × 
sequence interaction was significant (Table 2). Microbial biomass 
was significantly higher in NT at the 0- to 5-cm depth. Microbial 
biomass decreased during corn growth, increased to the highest 
level after soybean flowering, and remained level during the winter 
fallow at both depths in Sequence 1 (Fig. 6). In Sequence 2, micro-
bial biomass levels decreased during corn growth, increased during 
wheat dormancy, decreased after wheat flowering, and increased 
during winter fallow. Microbial biomass was positively correlated 
with active C and bG (r = 0.48 and 0.69, respectively; p < 0.001 
for both correlations) (Fig. 4).

Fungal biomass was significantly affected by the crop stage × 
sequence interaction at both depths (Table 2) and by crop stage 
× tillage × sequence interactions at the 0- to 5-cm depth. For the 
0- to 5-cm depth, fungal biomass decreased after corn flowering, 
increased during winter wheat dormancy, decreased with soybean 
growth, and increased during the winter fallow for both crop se-
quences (Fig. 6A). At the 5- to 15-cm depth, the fungal biomass 
fluctuated without a discernible temporal pattern (Fig. 6B). Fungal 
biomass in Sequence 1 was higher than Sequence 2 during soybean 
growth; no difference was measured at other sampling times.

Fig. 3. Temporal changes in soil extracellular enzyme activities for conventional tillage (CT) and no-till (NT) during the crop development stages 
at (A) the 0- to 5-cm depth and (B)  the 5- to 15-cm depth. Dormant-D, wheat dormant stage in December; dormant-F, wheat dormant stage in 
February; fallow-D, fallow in December; fallow-F, fallow in February. Sequence 1 is corn–wheat–soybean–fallow crop sequence in 2 yr; Sequence 2 
is soybean–fallow–corn–wheat sequence. Crop stages are indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow (white). 
Sample numbers are given in the bar at the bottom (1–12). Hydrolase abbreviations are b-glucosidase (bG), acid phosphatase (AP), and N-acetyl 
glucosaminidase (NAG). Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as means ± SE (n = 8)
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The fungal/bacterial ratio varied with the crop stage × se-
quence interaction at the 0- to 5-cm depth and with crop stage 
at the 5- to 15-cm depth (Table 2). The ratios were highest dur-
ing winter wheat dormancy in Sequence 1 or during the fallow 
period in Sequence 2, with no difference between NT and CT 
at the 0- to 5-cm depth (Fig. 5A). At the 5- to 15-cm depth, the 
ratios increased during wheat growth and decreased during soy-
bean growth (Fig. 5B).

The crop stage × sequence interaction, crop stage, sequence, 
and tillage significantly explained the variability in the most 
abundant PLFA community composition at both depths using 
permutational multivariate ANOVA (Table 3). For the 0- to 
5-cm and the 5- to 15-cm depths, 23.8 and 34.9% of the vari-
ability in the PLFA composition was explained by crop stage 
× sequence interactions, respectively. Crop stage accounted for 
11.6 and 11.2% of the variability at the 0- to 5-cm and the 5- to 
15-cm depths, respectively, and 19.8 and 2.6%, respectively, was 
explained by tillage.

The differences in soil microbial PLFA composition among 
sites throughout sampling were represented by the first two 
NMDS axes (Fig. 7). The NMDS ordination models summa-

rized the observed distances with stress of 0.052 at the 0- to 5-cm 
depth (Fig. 7A) and 0.049 at the 5- to 15-cm depth (Fig. 7B). At 
the 0- to 5-cm depth, the abundant PLFA biomarkers in soybean 
were less different temporally than biomarkers in corn or wheat 
(Fig. 7A). Microbial PLFAs in NT soil clustered to the right side 
of NMDS axis 1, whereas soils in CT clustered to the left side. 
The crop stage and tillage had a minor effect on PLFA biomark-
ers in the 5- to 15-cm depth (Fig. 7B).

DISCUSSION
This study documented significant temporal variability in 

soil microbial properties under different cropping systems, and 
this variability was strongly linked to the timing and development 
of different crop rotations (Fig. 8). Complexity in the results was 
related to interactions between crop stage, preceding conditions 
(likely detected both as a sequence effect and as influenced by pre-
cipitation and temperature), and tillage practice. Tillage practice 
and depth had some overarching effects; microbial biomass and 
activity tended to be higher at the 0- to 5-cm than at the 5- to 
15-cm depth, particularly under NT management. Beyond these 
differences, temporal patterns in our data followed similar trajec-

Fig. 3. Temporal changes in soil extracellular enzyme activities for conventional tillage (CT) and no-till (NT) during the crop development stages 
at (A) the 0- to 5-cm depth and  (B) the 5- to 15-cm depth. Dormant-D, wheat dormant stage in December; dormant-F, wheat dormant stage in 
February; fallow-D, fallow in December; fallow-F, fallow in February. Sequence 1 is corn–wheat–soybean–fallow crop sequence in 2 yr; Sequence 2 
is soybean–fallow–corn–wheat sequence. Crop stages are indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow (white). 
Sample numbers are given in the bar at the bottom (1–12). Hydrolase abbreviations are b-glucosidase (bG), acid phosphatase (AP), and N-acetyl 
glucosaminidase (NAG). Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as means ± SE (n = 8)
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tories in both CT and NT soils and at the 0- to 5-cm and the 5- to 
15-cm soil depths, indicating a consistent influence of crop stage 
on soil microbial properties. The crop stage effect may result ei-
ther from root litter inputs from the previous crop or from root 
exudate inputs from the active crop and residue.

The temporal variability of soil microbial properties was 
stronger at the 0- to 5-cm depth in both tillage systems, which 
likely reflects the more direct interactions between soil microbes, 
plant inputs, and changing abiotic conditions that take place in 
the surface layer (Bell et al., 2010; Kandeler et al., 2006; Sun et 
al., 2016). Soil microbes at the 0- to 5-cm depth received greater 
amounts of crop residues and root inputs compared with the 5- 
to 15-cm depth. Our results supported the conclusion that most 
plant-derived substrates were immobilized in the upper soil layer 
and were not transported in large amounts to subsequent depths 
(Kramer et al., 2013). Differences in soil properties between the 
0- to 5-cm and the 5- to 15-cm depths were most evident in NT. 
This was likely due to reduced physical disturbance and greater 
root density in the surface soil. Greater water storage capacity, 
bulk density, penetration resistance, soil nutrients, and aggrega-

tion are typically expected in the surface 
soil layer in NT due to reduced soil 
mixing (Baker et al., 2007; Chassot et 
al., 2001; Osunbitan et al., 2005; Wendt 
and Hauser, 2013). These characteris-
tics encourage greater root density in 
the surface soil of NT soils (Baker et al., 
2007; Chassot et al., 2001), resulting in 
greater soil nutrients, enzyme activity, 
and microbial biomass (Fig. 2, 3, and 6).

The interaction between crop de-
velopment stage and cropping sequence 
was the most significant factor in this 
study (Table 2). Similar to other stud-
ies, yearly variability driven by weather 
created the differences between crop 
sequences (McDaniel et al., 2014; 
Venter et al., 2016). We found support 
for the prediction that soil microbial 
properties would respond to both qual-
ity and quantity of residual litter inputs. 
Generally, both enzyme activity and 
microbial biomass increased during fal-
low periods (Fig. 3A and 6A). Senescent 
roots and residues from the previous 
crop can occupy up to 40% of the total 
root biomass in cultivated soils (Hirte 
et al., 2017). In our study, soybean 
preceded fallow. Soybean produces 
only one-third the amount of residue 
as corn, resulting in lower soil organic 
matter and enzyme production after 
soybean harvest compared with after 
corn harvest (Ashworth et al., 2017). 

Soybean residue decomposes rapidly in soils due to low lignin 
content and C/N ratio, losing 68% of its plant residue after 32 d, 
compared with 42 and 47% for corn and wheat residue, respec-
tively (Beyaert and Voroney, 2011; Broder and Wagner, 1988). 
Therefore, soybean residue input could have increased micro-
bial biomass as well as bG and NAG activities during the fallow 
period after soybean harvest. In contrast, fallow preceded corn. 
There was minimal plant residue input to the soil over the fallow 
period, which resulted in stable or decreasing microbial biomass 
and activity during the following period of corn growth.

Soil microbial biomass and most extracellular enzyme ac-
tivities increased during wheat growing periods, which may be 
a consequence of the preceding buildup of corn residues, senes-
cent roots, and wheat root exudates. Similar findings were re-
ported in previous studies in both corn–wheat rotation systems 
(Samuel et al., 2008) and monocultural wheat and corn (Kramer 
et al., 2013). The combination of greater substrate availability 
and low-quality of corn inputs resulted in production and ac-
tivation of enzymes that decompose more recalcitrant C for an 
extended period (Kramer et al., 2013). Following the wheat crop, 

Fig. 4. The correlation between all measured soil properties throughout the crop growth periods. 
The Pearson correlation coefficient is given in each circle; insignificant levels are 0. Dependent 
variables were log-transformed when necessary to meet the assumption of normality. pH; active 
C, mg kg−1; av. N: available N, av. P: available P, bG: b-glucosidase, AP: acid phosphatase, NAG: 
N-acetyl glucosidase, PHX: phenol oxidase, POX: peroxidase, (nmol h−1 g−1 soil); MB: PLFA microbial 
biomass, GmP: Gram-positive bacteria, GmN: Gram-negative bacteria, actino.: actinomycete, fungi, 
(nmol PLFA g−1 soil).
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during the summer soybean growth period, soil microbial activ-
ity and biomass at the 0- to 5-cm depth stabilized. This is likely 
due to the lack of fertilizer addition, a perturbation event for 
soil microbial community, prior to soybean planting. Another 
potential explanation is the relatively slower decomposition rate 
of wheat residue and the lower fungal biomass during soybean 
growth. McDaniel et al. (2014) also reported no effect on soil 
active C and available N after addition of lignin-rich and high 
C/N ratio wheat residue. As the major decomposer of recalci-
trant plant substrate in the topsoil (Kramer et al., 2013), the 
fungal/bacterial biomass ratio and the fungal community were 
higher in winter but lower in summer (Fig. 5 and 6). The restrict-

ed enzyme activity during soybean growth also corresponded to 
a lack of turnover in the microbial PLFA community compared 
with corn and wheat at the 0- to 5-cm depth (Fig. 7A), suggest-
ing that both microbial community composition and activity 
were affected by crop development stage.

Active C was expected to increase after residue decomposi-
tion because it is indicative of the labile fractions of C. Although 
a characterization of the active C pool is still needed, the active 
C represents the most readily oxidizable forms of soil C pool ca-
pable of converting Mn(VII) in diluted, slightly alkaline KMnO4 
to Mn(II) and generally includes microbial biomass C, particulate 
organic matter, and soil carbohydrates measured as anthrone reac-

Fig. 5. Temporal changes in soil fungal to bacterial ratio and b-glucosidase to oxidases (phenol oxidase, PHX, and peroxidase, POX) for conventional 
tillage (CT) and no-till (NT) during the crop growth periods at (A) the 0- to 5-cm depth and (B) the 5- to 15-cm depth. Dormant-D, wheat dormant 
stage in December; dormant-F, wheat dormant stage in February; fallow-D, fallow in December; fallow-F, fallow in February. Crop stages are 
indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow (white). Sample numbers are given in the bar at the bottom 
(1–12). Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as means ± SE (n = 8).
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tive C (Weil et al., 2003). Higher extractable organic C was re-
ported in wheat compared with corn in previous studies (Kramer 
et al., 2013). In the research presented here, active C was higher 
during the fallow in Sequence 1 and during the wheat growth in 
Sequence 2 (Fig.  2), both of which occurred during December 
2017 to February 2018. During the same winter wheat growth 
and fallow periods, bG activities also increased (Fig. 3A), whereas 
PHX and POX activity either decreased or remained relatively 
constant (Fig. 2D; Supplemental Fig. S1A), thereby increasing the 
bG/(PHX + POX) ratio. The activity ratio of bG to lignin-de-
grading enzymes (PHX and POX) is another indicator of organic 

C quality because it is broadly positively correlated with organic 
matter lability (McDaniel et al., 2014; Sinsabaugh and Follstad 
Shah, 2012). Thus, a greater proportion of labile C substrates dur-
ing wheat growth and winter fallow was suggested by both the in-
crease in active C as well as the changes in enzyme activities. The 
compositional dynamics and mechanisms underlying increases in 
active C need further investigation.

The lowest water content after corn flowering in Sequence 1 
resulted from two potential reasons: (i) the higher water con-
sumption during corn growth and (ii) lower precipitation 
(Fig.  2). In Sequence 2, the higher water consumption during 

Fig. 6. Temporal changes in soil PLFAs for conventional tillage (CT) and no-till (NT) during the crop growth periods at (A) the 0- to 5-cm depth and (B) the 
5- to 15-cm depth. Dormant-D, wheat dormant stage in December; dormant-F, wheat dormant stage in February; fallow-D, fallow in December; fallow-F, 
fallow in February. Crop stages are indicated by shaded areas: corn (blue), wheat (yellow), soybean (green), and fallow (white). Sample numbers are given in 
the bar at the bottom (1–12). Flowers indicate mineral fertilizer application; tractors indicate tillage event. Results are given as means ± SE (n = 8).
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corn growth likely explained the lower soil water content after 
corn flowering, whereas less precipitation led to the lower water 
content after the wheat harvest.

Although studies have reported that plants influence the 
microbial community in the rhizosphere through root exudates 
(Cavaglieri et al., 2009; Degrune et al., 2017; Houlden et al., 2008; 
Li et al., 2014; McDaniel and Grandy, 2016), more evidence is 
needed to justify root exudates as significant drivers of temporal 
dynamics of bulk soil microbial properties (Dennis et al., 2010; Hu 
et al., 2018). First, the direct impact of root exudates on the rhi-
zosphere is limited to small spatial and temporal scales (Dennis et 
al., 2010). Second, the metabolization of exudates is rapid: Ryan et 
al. (2001) reported that most sugars, organic acids, and amino ac-
ids are mineralized with a half-life of <120 min in the rhizosphere. 
Third, it is still challenging to differentiate the root exudates from 
sloughed-off root cells, microbial exudates, or microbial lysates 
(Dennis et al., 2010; Li et al., 2016; Sasse et al., 2018; Uren, 2000). 
Furthermore, the amount and quality of root exudates change 
with plant development stage, with the presence of microbes or 
other plants, and under nutrient deficiency (Carvalhais et al., 2011; 
Somers et al., 2004). In a tallgrass prairie soil, which has high pe-
rennial root biomass and high root exudate impact, soil microbial 
biomass can grow substantially through the growing season, with 
an order of magnitude increase in bacterial populations, then drop 

Table 3. Permutational multivariate ANOVA results for soil 
phospholipid fatty acid.

Sum of squares F R2 P value

0–5 cm

Tillage (T) 0.3030 53.30 0.1978 0.001***

Sequence (S) 0.0313 5.51 0.0204 0.009**

Crop stage (C) 0.1776 2.84 0.1159 0.002**

T × S 0.0025 0.45 0.0017 0.601

C × S 0.3644 5.83 0.2378 0.001***

C × T 0.0668 1.07 0.0436 0.376

C × T × S 0.0410 0.66 0.0268 0.849

Residuals 0.5457 – 0.3561 –

5–15 cm

T 0.0502 6.10 0.0263 0.010**

S 0.0102 1.24 0.0053 0.261

C 0.2097 2.32 0.1102 0.008**

T × S 0.0180 2.19 0.0095 0.126

C × S 0.6648 7.35 0.3491 0.001***

C × T 0.0891 0.99 0.0468 0.484

C × T × S 0.0727 0.80 0.0382 0.701

Residuals 0.7895 – 0.4146 –
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.

Fig. 7. Impact of crop stage and tillage on Bray-Curtis dissimilarity in most abundant phospholipid biomarkers for all soil samples at 0 to 5 cm (A) 
and 5 to 15 cm (B), with each experimental unit summarized by a single point using nonmetric multidimensional scaling (NMDS).
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again after grass flowering and senescence (Carson and Zeglin, 
2018; Garcia and Rice, 1994). However, the degree and the dynam-
ics of such a plant effect on soil microbial properties in cropped 
soils need more study.

In contrast to the long-term tillage effects, the lack of 
ephemeral responses after tillage and fertilizer application was 
not expected because C- and P-acquiring enzyme activities of-
ten increased in response to N inputs (Gallo et al., 2004; Saiya-
Cork et al., 2002). Event-based pulses of nutrient availability can 
modify soil pH and stimulate temporary changes in microbial 
community composition (Armstrong et al., 2016; Kuzyakov and 
Blagodatskaya, 2015). However, our study agrees with other re-
search that suggests the ephemeral microbial responses to chang-
ing environmental conditions may be different from or weaker 
than responses to decadal-scale management changes (Carson 
and Zeglin, 2018; Regan et al., 2014). Similarly, whereas soil 
water has been reported to influence enzyme activities (Burns et 
al., 2013; Henry, 2013), the lower soil water content in June did 
not always lead to lower enzyme activities and microbial biomass 
(Fig. 3 and 6). A potential explanation is that roots exuded more 
C under water stress or allocated more C to beneficial soil mi-
crobes, thus maintaining microbial biomass and activity (Naylor 
and Coleman-Derr, 2018; Preece et al., 2018; Song et al., 2012).

The PLFA profile changes beyond shifts in fungal to bacterial 
ratio were also minimal (Fig. 7), suggesting that microbial com-
munity change happens within a narrow range set by pretreatment 
conditions (Bardgett and van DerPutten, 2014) or that changes in 
microbial community composition occurred at a finer taxonomic 
level than detectable by PLFA (Degrune et al., 2017).

In addition to the tillage regime, the growing season of the 
crop is a major driver of the soil microbial activity and biomass in 
agricultural systems (Table 3). We have suggested that incorporat-

ing grasses in the crop rotation may provide additional nutrient 
resources to cash crops in the same field (Hsiao et al., 2018). The 
greater microbial activity during wheat growth in this study further 
extends our suggestion that incorporating wheat, a species of grass, 
in the crop rotation may provide rhizosphere C inputs and further 
improve microbial properties. No-till practices resulted in greater 
microbial biomass and activity associated with an increase in soil 
nutrient cycling with time. Our study also highlighted that soil sam-
ples need to be collected more often due to the significant temporal 
variability of soil microbial properties. Alternatively, standardized 
sampling time and laboratory measurement should be considered in 
an attempt to minimize the variability in soil health assessment. In 
the corn–winter wheat–soybean–fallow rotation in the midwestern 
United States, sample collection in fall after soybean harvest would 
be an appropriate time for long-term field experiments.

CONCLUSION
Soil microbial activity and biomass regulate soil organic 

matter decomposition and nutrient cycling. They are important 
indicators of soil ecosystem functioning. Our study highlighted 
the dynamic nature of soil microbial properties and the need to 
understand the timescales over which the greatest microbial re-
sponses occur (Fig. 8). Wheat supported higher soil microbial 
biomass and extracellular hydrolase activity compared with corn, 
potentially because of the limited plant residue input during the 
fallow period that preceded corn. Incorporating winter wheat 
in the crop rotation may increase the microbial activity and bio-
mass, providing rhizosphere C inputs that can support greater 
microbial biomass, and consequent faster nutrient cycling and 
improved soil functionality. Soybean stabilized microbial activ-
ity compared with corn and wheat, which is likely due to the lack 
of fertilizer addition, the slower decomposition rate of wheat 

Fig. 8. A conceptual figure showing the temporal changes in soil extracellular enzyme activities and active C for conventional tillage (CT) and no-till 
(NT) during the corn/wheat/soybean/fallow rotation periods at the 0- to 5-cm depth. Dormant-D, wheat dormant stage in December; dormant-F, wheat 
dormant stage in February; fallow-D, fallow in December; fallow-F, fallow in February. Results are given as means of two crop sequences ± SE (n = 16).
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residues and senescent roots, and the lower fungal biomass during 
soybean growth. Temporal variation in soil chemical and micro-
bial properties was stronger at the 0- to 5-cm of the soil profile 
in NT. Although changes in soil nutrients after fertilization may 
influence crop growth and microbial activity in the long term, very 
few soil microbial properties displayed ephemeral responses to till-
age and fertilization. In the future, the contribution from living 
root exudates on temporal dynamics in soil microbial properties 
should be determined. Additional research with greater resolution 
of soil microbial communities and soil C composition will gener-
ate a more complete picture of the relationships between changes 
in microbial properties and crop development in agroecosystems. 
Furthermore, examining the changes in microbial properties di-
rectly due to changes in weather is critical. However, factors such 
as temperature and precipitation are always confounded with crop 
growth effects and are currently difficult to differentiate.
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