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A B S T R A C T

While there has been long-term interest in identifying agricultural practices which promote soil
ecological services, there remains little consensus on how practices such as low-input and organic impact
soil microbial communities and their functions. In order to improve understanding of the response of soil
microbial communities to shifts in agricultural management programs, a two year field study was
conducted on large-scale conventional, low-input and organic fields associate with the Kellogg Biological
Station, Long Term Ecological Research site near Kalamazoo, MI. Because large commercial agricultural
fields typically exhibit diverse topography, plots were established in all fields at unique landscape
positions to explore interactions between management and topographical position. Over the course of
two growing seasons, differences in microbial biomass, extracellular enzyme production and carbon and
nitrogen mineralization were quantified at different topographical positions (summits, slopes, and
depressions) in each of the three agricultural management systems. Alone, management practices had
little to no impact on soil microbial traits, however, significant management by landscape position and
management by time interactions were observed for extracellular enzymes. Acid phosphatase activity on
hill slopes was 35–52% greater in low input systems than in conventional and organic management
systems. Similarly, spring amino peptidase activity was roughly 100% higher in low input than in organic
systems. Landscape position also had substantial effects on both microbial biomass and enzyme
activities. Topographical depressions exhibited significantly higher activities of b-N-acetylglucosami-
nadase, b-glucosidase, phenol oxidase and greater microbial biomass than summits and slopes (26%, 30%,
36%, and 55%, respectively). Similarly, peroxidase activity was approximately 38% greater in depressions
and on summits than on hill slopes. Differences in microbial traits among positions were also negatively
correlated with soil bulk density and sand content and positively correlated with clay, silt, carbon,
nitrogen and moisture content. Our study stresses the importance of accounting for topographical
heterogeneity when assessing the impact of management practices on belowground ecological function.
Further, while management practices alone had little effect on soil microbial biomass and function, our
study demonstrates that low input management programs may be beneficial for retaining microbial
resources and thus promoting microbial activity on erosion-prone hill slopes.
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1. Introduction

Through the production of extracellular enzymes, soil microbes
drive the decomposition of crop residues in agricultural soils, and
the process fuels multiple ecological services including soil organic
matter formation and nutrient mineralization. Yet, under
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conventional agricultural programs, decomposition and other soil
microbial functions can be deteriorated due to intensive pest and
soil management practices. Many insecticides, herbicides, and
fungicides are known to exert direct and indirect negative impacts
on soil microbial diversity and function (Chen et al., 2001; Perucci
et al., 2000; Riah et al., 2014). Likewise, the negative impacts of
tillage on soil microbial communities have long been recognized
(Hendrix et al., 1986) and include altered enzymatic activities,
reduced microbial biomass, and loss of taxonomic and functional
diversity (Kandeler et al., 1999; Sinsabaugh 2010). Tillage also

http://crossmark.crossref.org/dialog/?doi=10.1016/j.agee.2015.11.005&domain=pdf
mailto:kgw37@cornell.edu
http://dx.doi.org/10.1016/j.agee.2015.11.005
http://dx.doi.org/10.1016/j.agee.2015.11.005
http://www.sciencedirect.com/science/journal/01678809
www.elsevier.com/locate/agee


2 K. Wickings et al. / Agriculture, Ecosystems and Environment 218 (2016) 1–10
impacts other components of the detrital food web beyond soil
microbes including meso- and macrofauna (Kladivko 2001; Wardle
1995; Wickings and Grandy 2013). Consequently, in conventional
agricultural systems, the potential for exploiting soil biological
functions to support or enhance soil fertility and crop productivity
is generally limited.

There has been sustained interest in identifying reduced-
intensity management practices that restore soil biological
function in agricultural ecosystems. Low-input and organic
management programs have been the focus of much research
for their potential to improve biodiversity and ecosystem services
belowground including decomposition, nutrient mineralization,
pathogen suppression, and biological control (Bergstrom et al.,
1998; Tiemann et al., 2015; Wingvist et al., 2012). Low-input and
organic systems typically employ fewer pesticides and synthetic
fertilizer inputs than conventional agricultural programs, which
can improve soil microbial taxonomic and functional diversity
(Drinkwater et al., 1995). Such shifts in microbial characteristics
may support greater soil ecological services and ultimately reduce
reliance on external inputs. To date, however, there is still little
consensus on how a shift from conventional to low-input or
organic agricultural management will impact soil microbial
communities and their ecological functions. Some studies have
observed elevated microbial richness, biomass, extracellular
enzyme activities, and disease suppressiveness under organical-
ly-managed agricultural soils when compared to conventional
soils (Bengtsson et al., 2005; Melero et al., 2006; Reganold et al.,
2010; Tuck et al., 2014; van Bruggen et al., 2015). In contrast, other
studies have reported few differences between organic, low-input,
and conventional management programs, and in some cases
organic practices can negatively impact soil biological function
(see review by Hole et al., 2005).

The varied responses of microbial communities to organic and
low-input production programs likely reflect differences across
studies in the combination of management practices employed
within an individual program. For instance, many studies
contrasting the impacts of low-input or organic with conventional
management focus on differences in organic matter inputs
(composts, green manure, or other organic amendments). In such
cases, increased microbial diversity and activity are often observed,
and are attributed to increases in soil C, N and P (Kallenbach and
Grandy 2011; Reganold et al., 2010). Alternatively, other studies
focus more on differences in soil tillage intensity between
conventional and sustainable management programs. Under
reduced-input management, herbicides are often replaced with
an increased reliance on soil tillage for managing weeds, which is
linked to a decrease in soil microbial activity and diversity
(Kladivko 2001; Wardle 1995). This distinction among manage-
ment practices may be particularly important at commercial
scales, where organic row crop producers often rely heavily on soil
cultivation for managing weeds.

Spatial variability in soil and topographical characteristics,
common to commercial agricultural fields, introduces further
uncertainty regarding the impacts of adopting low-input and
organic practices on soil microbial function at large spatial scales
(Bengtsson et al., 2005; Tuck et al., 2014). For instance, in glaciated
regions in the Northern United States, commercial fields exhibit
complex rolling-hill topography which drives spatial patterns in
soil texture, mineralogy, organic matter content, hydrology, and
temperature. All of the above can have direct impacts on soil
microbial composition and function. The importance of topogra-
phy in soil formation has been acknowledged since the early work
of Dokuchaev (1880) and its influence on soil texture crosses all
ecosystems including agricultural systems. Yet, few studies have
examined the interactive effects of topography and management
practices on soil biological processes in agricultural systems.
Evaluating the consequences of shifting from conventional to low-
input or organic management programs against a backdrop of
diverse topographical and geochemical characteristics is critical
for weighing the full costs and benefits of adopting alternative
agricultural management programs at large commercial scales.

Despite uncertainty about its impact on ecological services
including soil microbial function, adoption of certified organic and
other low-input agricultural practices continues to increase in
acreage in the United States. Michigan alone has seen a 43%
increase in acreage under certified organic programs over the last
decade (USDA ERS http://www.ers.usda.gov/data-products/organ-
ic-production.aspx#25766). Thus, there is an increasing need to
quantify the responses of soil microbial communities to a shift
toward low-input and organic management programs at commer-
cial scales, where topography might strongly influence soil
properties and their response to management. The objectives of
our study were to (1) compare the effects of conventional, low-
input, and organic agricultural programs with varying cultural,
nutrient, and pest management practices on soil microbial biomass
and function, and (2) evaluate the impact of these practices in a
commercial agricultural setting in large fields at contrasting
topographic positions with varying geochemical attributes. We
predicted that soil microbial characteristics would be sensitive to
differences in management program, but that, due to varying soil
physical and chemical traits, the importance of management
programs would be constrained by landscape position.

2. Materials and methods

2.1. Site description

This study was conducted at the Kellogg Biological Station (KBS)
Long Term Ecological Research (LTER) site near Kalamazoo, MI in
the Main Cropping System Scale-Up fields (http://lter.kbs.msu.
edu/maps/images/current-lter-scaleup.pdf). The KBS LTER receives
approximately 1000 mm of precipitation annually (50% as snow).
Soils are Kalamazoo and Oshtemo series with a mixture of fine to
course silt-clay and sand loams (Crum and Collins 1995). The site
has a diverse surface topography which has resulted in variable soil
physical and chemical attributes across different landscape
positions (Ladoni et al. (2015) Personal communication).

Fields used for this study have been managed under conven-
tional, low-input, or organic practices since 2006. Conventionally-
managed fields are cultivated in spring and fall of each year,
fertilized in spring during corn and soybean years and in both
spring and fall during wheat. Conventional fields also receive
spring applications of herbicide, and curative pyrethroid applica-
tions for spider mites. Additionally, all corn seed used under
conventional and low-input systems contained a seed coat
treatment of fungicide and a neonicotinoid insecticide. Low-input
systems resemble conventional, however, these fields do not
receive curative insecticide applications, and employ soil cultiva-
tion in place of curative herbicides to control weeds when possible.
Organic fields receive no herbicides, insecticides or fertilizers, and
are cultivated frequently throughout the season to control weeds.
Additionally, low-input and organic fields are seeded with a red
clover cover crop during wheat years, and a winter rye cover crop
in fall after corn harvest. All fields are non-irrigated, and are
planted with the sequence; corn, soybean, wheat.

We used sixteen fields in our study, ranging from approximately
two to seven hectares in size, with five or six fields being selected
for each of the three management practices. Within each field, we
identified transects containing three contrasting landscape posi-
tions, namely, topographical summits, slopes, and low lying
depressions. Position identification was based on topographical
attributes of the fields including relative elevation, terrain slope,
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Table 1
Summary of topographical characteristics of the sampling locations from the three
studied contrasting topographical positions.

Relative elevation (m) Terrain slope (�)

Depression 0.7 a 1.6 a
Slope 2.9 b 4.8 b
Summit 5.4 c 1.4 a

Different letters indicate statistically significant differences between topographical
positions (p < 0.05).
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flow length, and flow accumulation as described by Munoz-Robayo
and Kravchenko (2012), (Table 1). Each transect contained one
observational plot at each of the three positions. Depending on the
topographical diversity some fields had one and others two
transects (Ladoni et al., 2015). This allowed us to examine the
effects of agricultural management intensity and landscape
position independently, as well as examine their interaction.

2.2. Soil sampling

Soil samples were collected within fields at each landscape
position in June–August, and October of 2010, and June–August,
and November of 2011. We avoided soil collection during times of
high management activity (early spring and late fall) in all fields
but our sampling schedule also permitted sample collection during
peak biological activity periods commonly observed in temperate
agricultural systems (Wickings and Grandy 2013). At each
observation plot, 10 cores (1.6 cm diameter � 10 cm depth) were
collected from bulk soil in an approximately 25 m2 area around the
plot’s gps coordinate. All 10 cores were combined per each location
into a single composite sample, and were stored at 4 �C until
further analysis. In the laboratory, soils were passed gently through
an 8 mm sieve to further homogenize the composited soil cores.
Soils were then subsampled for measuring microbial biomass,
extracellular enzyme activities, and carbon and nitrogen minerali-
zation potential. Plant roots, large organic debris, and stones were
removed during subsampling.

2.3. Extracellular enzyme activities

In order to examine the impacts of management and landscape
position on microbial decomposition dynamics, we measured
potential extracellular enzyme activities using standard fluores-
cence- and absorbance-based 96-well plate methods (Saiya-Cork
et al., 2002; Wickings et al., 2012). Soil slurries were created by
homogenizing one gram of each subsampled soil in 125 ml of
sodium acetate buffer for 30 s. 200 ml aliquots of each slurry were
added to black and clear 96 well plates for fluorescence and
absorbance determination. Each plate also received 50 ml of one of
six enzymatic substrates (4 fluorescence-based, 2 absorbance-
based). We measured the potential activities of b-glucosidase (BG),
b-N-acetylglucosaminidase (NAG), tyrosine aminopeptidase
(TAP), and acid phosphatase (PHOS) using representative sub-
strates containing the fluorescent molecules methylumbelliferone
(MUB) or methylcoumarin (MC). All fluorescence-based assays
were conducted in black, flat-bottom, 96-well plates, and
fluorescence was measured at 365 nm excitation, 450 nm emission
after incubation for six (BG, NAG, PHOS) or 18 (TAP) hours, and data
are reported here as nmol methylumbelliferone or methylcou-
marin h�1 g�1 dry soil.

We determined the activities of phenol oxidase (POX) and
peroxidase (PER) using clear 96-well plates by incubating soil
slurries with 50 ml of L-dihydroxyphenylalanine (L-dopa) alone
(POX) or in combination with 10 ml of 0.3% hydrogen peroxide
(PER). Wells with slurry alone and sodium acetate buffer were
also incorporated in clear plate assays to account for quenching
and background absorbance. We measured absorbance at
450 nm using a spectrophotometer after 24 h incubation and
report oxidative enzyme activities here as mmol L-dopa h�1 g�1

dry soil.

2.4. Microbial biomass carbon

We conducted chloroform fumigation/extraction to quantify
differences in microbial biomass among sample sites, using two
5 g subsamples of soil. Half of all samples were placed into a glass
vacuum chamber with a separate beaker containing 60 ml of
chloroform containing boiling chips. Vacuum pressure was
applied to each chamber until chloroform began to boil at room
temperature. Chloroform was allowed to boil for 15 min after
which each chamber was sealed, and allowed to incubate in a
dark fume hood for 24 h. Paired subsamples were also weighed
into 125 ml specimen cups to serve as non-fumigated controls.
After 24 h, vacuum was released from all chambers, and beakers
were vented to remove all residual chloroform gas from the soil
samples. We transferred all fumigated samples to 125 ml
specimen cups and extracted all samples (fumigated and non-
fumigated) in 40 ml of 0.5 M potassium sulfate. Samples were
shaken on a benchtop rotary shaker for 60 min at 200 rpm. After
settling, we filtered all extracts through 2.5 mm filter paper
(Whatman grade 5). Extracts were frozen at �20 �C and later
analyzed for total organic carbon on a Shimadzu TOC-TN analyzer
(Shimadzu Scientific Instruments, INC., Columbia, MD). We
determined microbial biomass carbon by subtracting non-
fumigated from fumigated carbon values and by applying a kEC
value of 0.45 (Joergensen 1996). We present biomass carbon as mg
carbon g�1 dry soil.

2.5. Carbon and nitrogen mineralization

Microbial carbon and nitrogen mineralization potential were
determined using a short term (24 day) incubation. Carbon
mineralization incubation was conducted in 120 ml glass serum
vials with butyl rubber caps. We added approximately 100 g of air
dried soil to all serum vials along with an appropriate amount of
deionized water to bring each soil to 50% water holding capacity
(WHC), which was pre-determined for each sample site. CO2

fluxes were measured on 9 separate dates. Initially measurements
were made at 24 h intervals, and as CO2 accumulation rate in vial
headspaces decreased, measurement frequency was reduced to
every 48–72 h. At each sampling event, we vented all serum vials,
capped them with butyl rubber septa, immediately extracted 5 ml
of headspace using a syringe (time zero) and injected them into a
LI-COR, LI-820 infrared gas analyzer (LI-COR, Lincoln, NE) to
determine CO2 concentration. Headspace samples were collected
from capped vials at two later time intervals to quantify the
accumulation of CO2 in vial headspace. Time intervals ranged
from 1 h (first 4 sample dates) to 24 hs (final sample date) to allow
for sufficient time for CO2 accumulation. Following each CO2

measurement, we adjusted soil moisture content gravimetrically
in order to maintain soils at 50% WHC. Cumulative amount of CO2

measured over the course of the incubation is reported here as mg
CO2–C g�1 dry soil.

To quantify potential nitrogen mineralization, we also deter-
mined nitrate and ammonium concentration before and at the
conclusion of the 24 day incubation using a subset of soils from
summit, slope, and depressions from across 8 separate fields. In
both cases, NO3 and NH4 were measured using established
colorimetric procedures (Doane and Horwath 2003; Sinsabaugh
et al., 2000) modified for clear 96-well plates. We calculated
potential nitrogen mineralization as the difference between NO3 or
NH4 concentrations before and after the 24 d incubation.



Fig. 1. Average (�SE) acid phosphatase activity across all sample dates (nmol of
methylumbelliferone g soil�1 hour�1) on slopes. Letters indicate significant differ-
ences among management intensity treatments within a sample date (P < 0.05).
White—conventional, gray—low-input, black—organic.

Fig. 2. Amino peptidase activity (nmol of methylcoumarin g soil�1 hour�1) in June
of 2010. Letters indicate significant differences among management intensity
treatments (P < 0.05). White—conventional, gray—low-input, black—organic.
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2.6. Statistical analysis

All extracellular enzyme, microbial biomass, and CO2 data were
analyzed via the mixed model approach using the PROC MIXED
procedure in SAS (SAS Inc.). Management, landscape position,
time, and interactions among them were treated as fixed effects,
with fields nested within management treatments and interac-
tions between positions and fields treated as random effects. In
designating the components of the statistical mixed models as
either fixed or random we followed the guidelines presented by
Milliken and Johnson (2009) and Gbur et al. (2012). Specifically, the
factors of management, landscape position, and time were treated
as fixed effects. The levels of these factors were selected in a non-
random fashion and the scope of statistical inference in respect to
these factors was limited to the selected levels. The fields served as
the experimental units for management; and they were randomly
assigned to the specific management levels. Thus, the fields
constituted a component of the study’s experimental design
structure and, as such, were treated as random effects.

Because each observational plot was measured on multiple
occasions and the repeated measurements from each plot were
likely correlated with each other in a manner driven by temporal
distances between them, we treated time as a repeated measures
factor (Milliken and Johnson, 2009). The variance–covariance
structures for describing the temporal correlations were selected
based on Aikaike Information Criteria values. We used fields as a
subject for repeated measures, and as an error term for testing the
effect of management, and the position by field interaction for
testing the effect of position. Our initial statistical analyses also
included crop type as an additional fixed effect within the mixed
model, however, this factor was removed from the final model as it
did not influence microbial traits. Nitrate and ammonium
mineralization data were also analyzed using mixed model
analysis with management and position as main effects and field
as a random effect. Assessments of the differences between the
topographical positions in terms of relative elevation and terrain
slope were also conducted with management and position as main
effects and field as a random effect. We assessed normality using
the univariate procedure in SAS and conducted log transformation
where necessary. Nonmetric multidimensional scaling (NMS) was
also employed to explore broad responses in extracellular enzyme
activities and microbial biomass to landscape position over time.
We included soil moisture content as a secondary variable within
the NMS matrix to examine its contribution to position effects.
Instability criterion was set at 0.0005, and the final solution was
run on 227 iterations. In addition, we ran separate Pearson
correlation analyses between soil microbial (biomass and
enzymes), and physicochemical traits. Data used for Pearson
correlation were mean values taken from across both years and all
sampling dates, but separate analyses were run for each of the
three landscape positions.

3. Results

Overall, agricultural management practices had no impact on
extracellular enzyme activities. However, significant influences of
management practices on the activities of two N and P acquiring
enzymes were observed at certain topographical positions. For
instance, acid phosphatase activity on slopes was higher in low-
input systems than in conventional and organic systems (Fig. 1,
P = 0.04). Similarly, in June of 2010, amino peptidase activity was
greater in conventional and low-input soils than in organic systems
(Fig. 2, P = 0.04).

In contrast to management, landscape position exerted
substantial impacts on both hydrolytic and oxidative enzyme
activities. b-N-acetylglucosaminidase and b-glucosidase activities
were both greater in depressions than on summits or slopes
(Fig. 3a and b, P = 0.002, and 0.0002, respectively). Similarly,
depressions exhibited higher phenol oxidase activities than slopes
and summits (P = 0.002), and peroxidase activity was greater in
depressions and at summits than on slopes (P = 0.009) (Fig. 3c and
d). In most cases, slopes appeared to exhibit the lowest enzyme
activities of all three positions.

Microbial biomass was also not affected by management
practice, yet, like enzyme activities, biomass varied significantly
among landscape positions, and was higher in depressions than on
slopes or summits (Fig. 4, P < 0.001). Carbon and nitrogen
mineralization were not affected by management, landscape
position, or their interaction (data not shown).

Microbial enzyme activities and biomass also varied signifi-
cantly by time (Figs. 3 and 4, P < 0.001 in all cases). For extracellular
enzymes, the time effect was more pronounced for oxidases than
for hydrolases. In general, however, b-N-acetylglucosaminidase
and phenol oxidase activities were greatest in spring, and then
decreased throughout summer and fall of both years. b-glucosi-
dase activity followed a similar pattern during 2011. In contrast,
peroxidase activity was lowest in spring of both years and peaked
in summer and/or fall depending on year. Microbial biomass was
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also lowest in spring of both years and peaked in summer-fall,
although the peak was most pronounced during 2011.

Ordination analysis (NMS) resulted in a stable 3-dimensional
solution with a final stress of 4.57 based on a 1–100 point scale
with values �2.5 indicating excellent and �5 as good indicators of
low stress (Fig. 5a and b) (Kruskal 1964). Sample distribution along
axis 1 (35% of variation in ordination space) appeared to be related
to differences in both enzymes and microbial biomass, exhibiting a
transition from greater phenol oxidase, b-N-acetylglucosamini-
dase and tyrosine aminopeptidase at the left of the axis, to greater
microbial biomass and peroxidase to the right (Table 3). Both
spring sampling dates (June of 2010 and 2011) grouped distinctly to



Fig. 5. Non-metric multidimensional scaling (NMS) ordination showing changes in extracellular enzyme activity and microbial biomass over time. Ordination data are the
average of all replicates within each landscape position and at each sample date. Plots depict sample points in ordination space along axes 1 and 3 (5a), and 1 and 2 (5b). Colors
denote different sample dates, symbols denote different landscape positions (circles—depressions, triangles—slopes, squares—summits). Final stress for the ordination was
4.57, and instability = 0.0005. The model was run using 227 iterations. Vectors depict significant correlative relationships between ordination axes and individual matrix
factors.
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the left of the ordination plot, while August and November of 2011
grouped to the right of the plot. This pattern concurs with
univariate analysis showing greater b-N-acetylglucosaminidase,
and phenol oxidase activities in spring, and greater microbial
biomass and peroxidase activities in summer-fall. Groupings along
axis 3 (vertical axis), which explained approximately 19% of
variation in the ordination, appeared driven primarily by differ-
ences in soil moisture, however, oxidative enzyme activity also
correlated significantly with axis 3 scores. Axis 2 explained the
lowest percent variation (9%), but confirmed the overall pattern of
greater hydrolytic enzyme activities in depressions relative to
Table 2
Pearson correlation coefficients (r) for relationships among soil enzymes, microbial bio

Position Trait Dba Sand 

Depression b-N-acetylglucosaminidase �0.03 �0.28 

b-glucosidase �0.42 �0.18 

Acid phosphatase �0.39 �0.78 

Amino peptidase �0.01 �0.15 

Phenol oxidase 0.24 0.29 

Peroxidase �0.81 �0.68 

MBC �0.77 �0.75 

Slope b-N-acetylglucosaminidase �0.14 �0.48 

b-glucosidase �0.49 �0.49 

Acid phosphatase �0.11 �0.78 

Amino peptidase �0.84 �0.28 

Phenol oxidase �0.36 0.58 

Peroxidase 0.09 �0.81 

MBC 0.47 �0.54 

Summit b-N-acetylglucosaminidase �0.51 �0.05 

b-glucosidase �0.58 �0.25 

Acid phosphatase �0.46 0.18 

Amino peptidase �0.41 0.21 

Phenol oxidase 0.06 0.07 

Peroxidase �0.13 �0.62 

MBC �0.34 �0.41 

Values in bold indicate significant correlations at p < 0.05.
a Bulk density.
slopes and summits as samples from depressions were positioned
higher on axis 2 than those from slopes and summits within each
sample period.

Independent correlative analyses also showed significant
relationships among soil microbial, physical, and chemical traits
(Table 2). In general, microbial traits were negatively correlated
with bulk density and sand content, but positively with clay, silt, C,
N, and soil moisture content. However, the soil traits that best
explained variation in microbial enzymes and biomass varied
among landscape positions. For instance, bulk density and sand
content were negatively correlated with enzyme activities and
mass (MBC) and soil physical and chemical traits.

Clay Silt C N H2O% MBC

0.04 0.34 0.02 0.02 �0.11 �0.17
�0.19 0.29 0.08 0.09 �0.03 0.04
0.80 0.73 �0.07 0.05 0.62 0.66

�0.15 0.24 �0.18 �0.16 �0.27 �0.41
�0.31 �0.27 0.22 0.17 �0.26 �0.48
0.40 0.73 0.21 0.29 0.58 0.71
0.76 0.71 0.63 0.71 0.97

0.12 0.47 0.63 0.59 �0.68 0.54
0.03 0.51 0.65 0.53 �0.64 0.24
0.13 0.79 0.45 0.52 0.07 0.28

�0.22 0.35 0.25 0.03 �0.48 �0.39
�0.32 �0.53 �0.53 �0.66 �0.60 �0.56
0.56 0.71 0.71 0.60 �0.10 0.57
0.30 0.49 0.70 0.78 �0.15

0.02 0.05 0.37 0.35 0.11 0.14
0.17 0.24 0.58 0.53 0.20 0.32

�0.29 �0.12 0.20 0.15 �0.37 �0.15
�0.44 �0.11 �0.06 �0.15 �0.25 �0.28
�0.42 0.04 �0.42 �0.44 �0.44 �0.66
0.30 0.62 0.55 0.44 0.56 0.55
0.71 0.26 0.83 0.89 0.89



Table 3
Pearson correlation coefficients (r) for correlations between ordination axis scores
and microbial traits.

Axis

Factor 1 2 3

b-N-acetylglucosaminidase �0.56 0.86 �0.05
b-glucosidase �0.05 0.83 �0.14
Acid phosphatase �0.02 0.64 0.48
Amino peptidase �0.65 0.91 0.30
Phenol oxidase �0.80 0.30 �0.44
Peroxidase 0.71 �0.11 �0.58
Microbial biomass 0.77 �0.19 �0.26
Soil moisture 0.06 �0.11 �0.81

Values in bold indicate significant correlations at p < 0.05.
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microbial biomass in depressions and slopes, but not at summits.
Clay and silt content were positively related to acid phosphatase,
but only at depressions and slopes, respectively. Microbial biomass
was positively correlated with soil C and N only at summits and or
slopes. Finally, soil moisture was a significant predictor of
microbial biomass at both depressions and summits, but not on
slopes.

4. Discussion

The impacts of adopting low-input or organic agricultural
practices on soil ecological function remain uncertain, especially at
large field scales with variable landscape characteristics. We
quantified differences in microbial biomass and activity over the
course of two years in agricultural systems managed under three
different management programs: (1) conventional agricultural
systems receiving typical soil management practices with one to
two tillage events per year and regular fertilizer and pesticide
applications, (2) low-input systems that receive fertilizer, little to
no pesticides, and employ one or two additional tillage events per
year in place of herbicides, and (3) organic systems which receive
no fertilizer or pesticide inputs but frequent tillage between crop
rows (up to 4 additional tillage events per year). Surprisingly, we
found that, alone, agricultural management practices had little
impact on microbial biomass and activity. This finding is in
agreement with a small body of literature showing limited
responses of soil microbial composition and function to a shift
toward low-input and organic agricultural management (Foissner
1992; Girvan et al., 2003; Hole et al., 2005; Järvan et al., 2014;
Parfitt et al., 2005). Microbial communities in our study were
exposed simultaneously to multiple, potentially interacting
practices within each treatment including tillage, fertilizer,
herbicide and insecticide. Each of these practices are well known
for exerting independent and interactive effects on soil biological
function (Fiedler et al., 2015; Grandy et al., 2013; Muñoz-Leoz et al.,
2012; Wickings et al., 2011). For instance, typical approaches for
organic management involve replacing herbicides with increased
frequency of cultivation to suppress weeds mechanically. While
soil biota respond positively to reduced pesticide inputs, substi-
tuting these inputs with additional tillage events may in fact
negate this benefit, and may explain the limited difference in soil
biology observed in this study between management practices
(Grandy and Robertson 2006). Additionally, fertilizer applications
can temper the impact of fungicides and insecticides on soil
microbial activity (Muñoz-Leoz et al., 2012), and tillage intensity
can interact with N fertilizer to influence soil enzyme activities
(Matocha et al., 2004). Thus it is possible that the lack of strong
differences in soil microbial communities between organic, low-
input and conventional practices may be related to some practices
moderating or negating the effects of others. While our findings do
not diminish the recognized benefits derived from reduced
chemical inputs under low-input and organic practices on
ecological services (Drinkwater et al., 1995; Melero et al., 2006;
van Bruggen et al., 2015), they do indicate that in order to extend
such benefits belowground, it may be useful to consider other
practices such as crop residue mulches, addition of allelopathic
cover crops, and augmentative or conservation biological control
practices as alternatives to tillage for managing weeds (Kulkarni
et al., 2015; Singh et al., 2003; Wezel et al., 2014,).

Where management effects did occur, they were dependent
upon other factors. The increase in peptidase activity observed
during June of 2010 in conventional and low-input systems may be
indicative of an interaction between individual practices used
within a single management program. For instance, conventional
and low-input systems both received N additions which can
stimulate microbial biomass and the activity of some hydrolytic
enzymes (Frey et al., 2004; Grandy et al., 2013; Treseder 2008). In
addition, these systems both experience lower tillage intensity
than organically managed systems. Combined, elevated nitrogen
availability and lower tillage intensity in these two systems may
explain the stimulation of peptidase activity. The temporally
variable nature of this effect may also be related in part to
differences in soil N availability over the growing season as
fertilizer applications occurred primarily in early spring.

While management exhibited some influence over soil micro-
bial traits, its effects were minimal compared to the impact of
landscape position. This observation is in agreement with the
study by Girvan et al. (2003) which found that soil characteristics
are more important than agricultural management practices for
predicting soil bacterial community composition. b-N-acetylglu-
cosaminidase, b-glucosidase, phenol oxidase, and peroxidase
activities ranged from approximately 6–33% greater in depressions
than on slopes and or summits, regardless of agricultural
management. This pattern was mirrored by microbial biomass,
which was roughly 37% higher in depressions than on slopes and
summits and was associated with a trend towards greater C
mineralization in depressions and on summits than on slopes.
Other studies have observed similar responses of soil microbial
traits to landscape position in agricultural soils. Khalili-Rhad et al.
(2011) reported finding greater microbial biomass, respiration
rates, and glutaminase activity at toe slopes than more elevated
landscape positions in a semi-arid wheat system. Similar relation-
ships have also been confirmed in non-agricultural habitats such as
forest and pasture systems (Aşkin and Kizilkaya, 2009; Kussainova
et al., 2013). In another study, low-slope, depositional positions
contained greater soil carbon and nitrogen than upper and top
slope positions under corn production (Dungait et al., 2013). To our
knowledge, however, our study provides the first assessment of the
importance of landscape position in the context of organic, low-
input and conventional management practices. The implications
for the observed variability in microbial activity across landscape
positions provides insight into understanding biogeochemical
processes across all ecosystems, however, its implications are
particularly important in agricultural systems, where plant
production is often constrained by low fertility and organic matter
content. Increased microbial biomass and activity in depressions of
agricultural fields may lead to more rapid biological turnover of
plant matter and integration of new residues into SOM, and could
thus translate to greater C storage potential and N mineralization
rates in these locations (Tiemann and Grandy 2015). In line with
this, numerous studies have shown that crop yield varies among
landscape positions, and is typically highest in depressions or
lower slope positions (e.g., Deyns et al., 2006; Soon and Malhi,
2005). Our data suggest that such variation in crop yield across
landscape positions can be partially attributed to consistent
differences in soil biological properties among positions.
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The influence of landscape position on microbial traits may be
related to variation in soil chemical conditions as we observed
positive relationships between soil total C and N and microbial
biomass. The impact of topography on soil carbon and nutrient
content has been recognized for decades (Hide and Metzger 1939,
Schimel et al., 1985), and previous studies have also identified
similar relationships between microbial biomass and organic C and
N content (Cleveland and Liptzin 2007; Fierer et al., 2009;
Kallenbach and Grandy 2011), however, this relationship is known
to vary with the composition of C and N pools (Allison and Vitousek
2005; Sessitsch et al., 2001; Zhang et al., 2015). In fact, using 13C
enrichment, Dungait et al. (2013) demonstrated that soil microbes
use carbon pools of varying origins across different landscape
positions, with microbes on summits relying more heavily on
recently derived plant carbon than those found at lower slopes.
Indeed, in our study, while there was a general positive
relationship between microbial biomass and soil C and N across
all landscape positions, the relationship was only significant on
slopes and, or summits. In light of the findings of Dungait et al.
(2013) the position-specific relationships between soil microbes
and C and N may indicate utilization of different resource pools at
higher slope positions than in depressions. Alternatively, the
strong relationships between C, N and microbial biomass observed
at upper slope positions may reflect an overall increase in resource
limitation at these locations.

In addition to chemical traits, soil physical qualities may also be
responsible for the observed differences in enzyme activities and
microbial biomass among landscape positions. Enzymes and
biomass correlated negatively with soil bulk density and sand
content, but positively with silt and clay content. Similar
relationships have been found between enzymes and soil texture
in other Midwestern agricultural soils and may be driven by
differences in affinity for binding of microbial cells and other
organic substrates among soil particle fractions (Taylor et al.,
2002). Other studies have reported similar increases in microbial
biomass with increasing clay content, and have attributed this
increase to enhanced protection from desiccation and micro-
bivorous protozoa (Elliot et al., 1980; Insam et al., 1989; West et al.
1988) as well as to an increase in microbial diversity (Sessitsch
et al. 2001). In our study, the positive relationship between
microbial biomass and clay was confined to depressions with only
a marginally significant relationship observed on summits. In their
recent meta-analysis, Kallenbach and Grandy (2011) found little
evidence for a strong general relationship between microbial
biomass and clay content. Yet, the authors posited that the
importance of clay in driving interactions between soil microbes
and organic matter increases concomitantly with its concentra-
tion. While clay content in our study was generally low, ranging
from 9 to 15%, our findings partially support this assertion as
depressions exhibited greater clay content than either slopes or
summits.

Soil moisture also varied considerably among landscape
positions at our study sites, ranging from approximately 14 to
19% of soil mass in depressions while soils on slopes and summits
ranged from 6 to 15% moisture. Soil moisture correlated positively
with microbial biomass, however the relationship was significant
only at depressions and summits. This finding was surprising given
that soil moisture content on slopes was similar to that found on
summits (both �11%). Perhaps this discrepancy is related to
differences among landscape positions in water holding capacity
and surface water drainage patterns. For instance, terrain slope
was lower in depressions and summits than on hill slopes (Table 1)
and likely reflects differences in water drainage potential and wet–
dry dynamics. Although Pearson correlations did not reveal
significant relationships between soil moisture and enzymes
within landscape positions, NMS analysis showed clear clustering
of depression samples at the bottom of the ordination plot and
significant negative correlations between vertical axis scores and
both oxidative enzymes and soil moisture. Other studies have
observed stronger relationships between oxidase activity and soil
moisture, and it is generally recognized that moisture has a
positive influence on enzyme activities although it can limit redox
dynamics at high concentrations (Baldrian et al. 2010; Brockett
et al. 2012).

In line with our second prediction, our results indicate that
topographic position is an important determinant of the impacts of
agricultural management practices on soil microbial function at
the landscape level. When averaged across sample dates,
phosphatase activity was significantly greater in low input systems
than in organic and conventional systems, but the effect was
apparent only on hill slopes. Low-input systems receive fewer
pesticide inputs than conventional systems and less frequent
tillage than organic systems, thus, overall, low-input agricultural
systems may support greater microbial activity than organic or
conventional management programs. Bergstrom et al. (1998) also
observed that extracellular enzyme activity, in particular arylsul-
fatase, was sensitive to tillage intensity on hill slopes, but not at
higher slope positions. The confinement of this effect to hill slopes
in the current study may also be related to differences in tillage
intensity among management treatments; systems that employ
frequent intensive tillage have lower aggregate stability (e.g.
Grandy and Robertson 2007) and are more susceptible to erosion
(Tebrügge and Düring, 1999; Xu et al. 2013), and thus may be less
capable of retaining microbial resources in erosion prone areas
such as slopes (Zhang et al. 2014). In support of this argument, low-
input systems retained greater amounts of carbon on hill slopes
(�24% greater total C and �55% greater particulate organic C) than
did the more intensively tilled organic systems (Ladoni et al.
Personal communication). While correlation analysis indicated
positive relationships between acid phosphatase activity and soil C
and N on hillslopes, neither was significant, and hence the
mechanism underlying the interaction between management and
landscape position could only be partly captured in this study.

Our study also enabled us to observe some unique seasonal
attributes of microbial function in agricultural soils. In particular,
our results highlight an asynchronous relationship between
extracellular enzymes and microbial biomass over time. Consistent
across years, b-N-acetylglucosaminidase, tyrosine aminopepti-
dase, and phenol oxidase were greatest during spring whereas
peroxidase activity and microbial biomass increased during
summer and fall. Other studies conducted in Michigan agro-
ecosystems have consistently found spring and fall to coincide
with elevated soil biological activities (Grandy et al. 2013; Hoang
et al. 2014; Wickings et al. 2012; Wickings and Grandy 2013).
Similar relationships have also been observed in non-agricultural
ecosystems (Baldrian, 2014; Criquet et al. 2000). However, to our
knowledge, this is the first account of contrasting temporal
patterns among enzyme activities and microbial biomass. While
soil moisture may explain some of the temporal variation observed
in microbial enzymes and biomass, these patterns may have also
been driven by agricultural management practices. Tillage, for
instance, is known to decrease microbial biomass (Wardle 1995;
Kladivko 2001; Maqsood et al. 2013), and alter microbial
community composition (Frey et al. 1999; Six et al. 2006). All
sites used for the current experiment, regardless of management
treatment, employed chisel plowing along with shallow seedbed
cultivation during spring, and this disturbance many partly explain
the low microbial biomass C observed in spring of both years. In
contrast to microbial biomass, many enzyme activities, particularly
N-acetylglucosaminidase and phenol oxidase, were greatest in
spring. Tillage is known to suppress soil enzyme activities within
the top 10 cm of bulk soil (Kandeler et al. 1999), however, practices
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such as chisel plowing, are generally less disruptive to soils than
more intensive moldboard plowing (Karlen et al. 2013). Thus,
although spring tillage may have reduced soil microbial biomass at
the start of the growing season, it may also have improved soil-
substrate contact, making crop residues more accessible to those
decomposers that are resistant to tillage. Gradual incorporation
and enzymatic decay of overwintered crop residues over the
course of the growing season may further help to explain the
increases in microbial biomass observed over time.

5. Conclusions

Reductions in pesticide use under low-input and organic
agricultural management have the potential to improve soil
biological function and mitigate some of the negative consequen-
ces associated with intensive conventional agriculture. Yet, to date,
knowledge of the impacts of low-input and organic management
programs on soil microbial function remain incomplete, especially
at large commercial scales. Our study quantified patterns in
extracellular enzymes and microbial biomass to provide insight
into the impacts of shifts in agricultural practices on soil ecological
services and found that commercial-scale organic and low-input
management programs may provide little improvement in soil
microbial function. The lack of differences in soil microbial traits in
response to management practices may be due to the replacement
of pesticides with increased tillage frequency; a phenomenon that
is common on commercial farms and also known to have negative
impacts on soil biological processes.

Additionally, where management impacts emerged, they were
highly constrained by landscape position within an individual
agricultural field, demonstrating that even 10 years of consistent
agricultural management are not enough to overcome the impacts
of long-term geomorphological development on soil microbial
function. This finding challenges the utility of quantifying the
functional response of decomposer communities to agricultural
practices without also accounting for landscape heterogeneity. In
the present study, unique geochemical and climatic traits among
landscape positions resulted in hotspots of microbial resources and
activity in depressions, with depleted resources and lower
biological activities on slopes and occasionally summits. Recent
research has demonstrated that such differences in soil biogeo-
chemical processes across landscape positions can translate to
variation in crop yield, however, differences in yield among
positions are rarely attenuated using varying rates of inorganic
fertilizer (Nazmi et al. 2011). Thus, a better approach to improving
yield in heterogeneous agricultural fields may be to employ
practices that enhance soil biological functioning in vulnerable
field locations such as hillslopes. While our study shows that
shifting to low intensity management programs offers little
improvement on soil microbial function at a whole-farm scale,
farms with diverse topography and high susceptibility to erosion
may, in fact, benefit from low-input management programs that
utilize moderate-to-low tillage intensity and prudent use of
herbicides. This may increase soil stability and ultimately improve
retention of organic matter and enhance microbial activity. At a
minimum, our study highlights the importance of considering
landscape heterogeneity when weighing the costs and benefits of
adopting low-input or organic production practices for the
improvement of soil biological function.
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