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A B S T R A C T

Managing the land properly can help conserve the soil which is critical for sustaining our life and the global soci-
ety. However, measuring the quality of the soil explicitly is still a challenge. Therefore, this study was conducted
to identify suitable soil quality indicators among contrasting land managements (i.e., simple vs. complex crop
rotations; manure vs. balanced fertilization) at two long-term experimental fields. The fractal structure of soils
was documented by the mass-diameter relationship of soil aggregates using 3D laser scanning. Hydraulic con-
ductivity (K), pore size fractions, and soil physical S parameter (S-index) were determined from moisture reten-
tion curves using a HYPROP system. Soil microbial community structure was characterized using phospholipid
fatty acid analysis. Our results demonstrated an improved hierarchical fractal aggregation in soils under peren-
nial legumes and grasses (Dm = 0.97) compared to nonfractal aggregation under fallow phases (Dm = 0.99).
In addition, across nutrient managements, only balanced fertilization exhibited significantly enhanced fractal ag-
gregation. Moreover, complex crop rotations and balanced fertilization also improved S-index, saturated water
content (sat. WC), and plant available water (PAW) compared to their counterparts (Ps < 0.05). Similarly, sig-
nificant differences between simple and complex rotations were evident for microbial community composition
and biomass carbon (MBC) with 1.5 times higher MBC in the soils under complex rotation compared to both
the adjacent forest soil and the simple 2-yr rotation. Our results proved that complex crop rotations including
perennials enhanced soil quality, and this outcome was associated with higher crop productivity. Both balanced
fertilization and manure contributed to improving soil functions: where cattle manure had a stronger positive ef-
fect on nutrient cycling, while balanced fertilization beneficially influenced water relationships and soil physical
condition. Our results suggest that the Dm, S-index, PAW, soil organic C, and MBC are robust indicators useful
for evaluating management options that also influence agricultural productivity.

1. Introduction

Enhancing and sustaining the quality of soils is essential to ensure
agricultural productivity, water availability and overall environmental
quality (de Paul Obade and Lal, 2014). Moreover, an enhanced soil qual-
ity (SQ) can build resiliency in land-based production systems to en-
able buffering and adaptation capacities that can diminish the detri-
mental impacts of escalating climate variability and frequency of ex-
treme weather events such as droughts or flooding (de Paul Obade and
Lal, 2014). Likewise, agricultural management practices can largely im-
pact the quality of the soil which in turn is intrinsically linked to the

sustainability of agroecosystem functions and productivity (Di et al.,
2013).

In an attempt to reverse the trend of declining soil quality (Sharma
et al., 2008), recent studies have focused on identifying suitable soil
management practices (D’Hose et al., 2014; Sharma et al., 2008). How-
ever, soil quality cannot be directly measured and soil quality infor-
mation is typically inferred from observed or modelled soil physical,
chemical, or biological attributes (Lal, 2001). Therefore, an on-going
methodological challenge is to identify a relevant, standard set of spe-
cific properties as meaningful indicators of soil quality which are sen-
sitive to management-induced changes. Conceptually, soil quality de-
pends on how soils fulfil the role or goal for what they are being used
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(Karlen et al., 2003). Therefore, within the context of agricultural pro-
duction, high soil quality is rather equivalent to long-term high produc-
tivity and system resiliency without significant soil or environmental
degradation (Karlen et al., 2006).

Certain management choices such as rotation type (Munkholm et al.,
2013) and nutrient regime (Chakraborty et al., 2011) influence various
specific functions of the soil, and hence, measuring merely one physical
or biological property may not reveal the entire impacts of management
options. Therefore, it is vital to identify and model critical indicators of
soil quality and agro-ecosystem sustainability (de Paul Obade and Lal,
2014). Moreover, soil quality changes are gradual, and it typically takes
a reasonable time to achieve a long-term steady state after a change of
management (Chakraborty et al., 2011). Therefore, our study is focus-
ing on the comparative effects of contrasting crop rotations and nutri-
ent management in long-term agricultural field experiments to detect
changes that are likely absent or may not be evident in the short-term.
In addition, such quantification of soil functions in croplands can also
inform the potential outcome of valuable ecosystem services including
carbon sequestration, water cycling and filtration as well as grain and
forage productivity.

Andrews et al. (2004) introduced the Soil Management Assessment
Framework (SMAF) in which the microbial biomass carbon (MBC) and
soil pH were potential indicators for nutrient cycling function, soil or-
ganic carbon (SOC) and bulk density (BD) indicators for functional sta-
bility of the soil ecosystem, and available water capacity as an indicator
for water relations function. They reported these indicators as appro-
priate if the management goals are productivity, environmental protec-
tion, or waste recycling. Likewise, Zornoza et al. (2015) reported that
SOC is the most used indicator for SQ assessments for agricultural sus-
tainability, followed by pH based on their literature review. They also
found particle size, aggregates stability, and BD to be the most com-
monly used physical indicators, while microbial biomass carbon or ni-
trogen and enzymatic activities were frequently used biological proper-
ties. In addition to these commonly used SQ indicators, other emerging
yet insightful SQ indicators include mass fractal dimension of soil aggre-
gates (Dm) (Gülser, 2006; Hebb et al., 2017) and S-index (Dexter, 2004;
Naderi-Boldaji and Keller, 2016) which have been recently reported to
be suitable indicators for soil structural quality. Hebb et al. (2017) re-
cent findings substantiate both fractal aggregation and S-index as robust
SQ indicators across the major land use systems represented in temper-
ate prairie regions. However, the specific comparative impacts of vari-
ous crop rotation systems and nutrient management factors on promis-
ing SQ indicators such as Dm and S-index are still elusive and not fully
documented.

A comprehensive soil characterization entails multiple soil attrib-
utes and functions (O’Sullivan et al., 2015). Hence, we investigated re-
sponses of a wide range of soil properties (e.g., fractal aggregation, car-
bon and nitrogen, and microbial communities) which can be considered
as potential SQ indicators to land management options. We aimed at
identifying the sensitivity of these putative SQ indicators to manage-
ment systems and practices in long-term agricultural field experiments.
New information on soil quality responses to land management can im-
prove methods by which land owners are better able to measure and
manage soil quality, and this may eventually lead to more sustainable
agroecological systems. Specific objectives of this study were to: i) de-
termine the long-term effects of contrasting crop rotations and nutrient
managements on soil physical and biological properties; ii) identify soil
quality indicators that can provide robust metrics of sustainability by
testing whether they can detect and distinguish among contrasting land
managements; iii) examine the associations among soil quality measures
and other soil properties and crop productivity.

2. Materials and methods

2.1. Study sites

The study was conducted at two sites, the University of Alberta
Breton Plots, located approximately 100 km southwest of Edmonton
(53.089°N, 114.442°W) and the Agriculture Agri-Food Canada’s Leth-
bridge Research Centre located approximately 500 km south of Edmon-
ton (49.705°N, 112.775°W). The Breton plots were established on Or-
thic Gray Luvisol, and the Lethbridge plots were established on Orthic
Dark Brown Chernozemic soil according to the Canadian System of Soil
Classification (AGRASID, 2015). Using hydrometer method, the particle
size distribution for Breton loamy soil was: sand (2000–50 μm diam.)
362, silt (50–2 μm) 444, and clay (<2 μm) 194 g kg−1 soil and for Leth-
bridge loamy soil was: sand 432, silt 304, and clay 264 g kg−1 soil.
Based on 20 years data from Breton and Lethbridge on-site permanent
weather stations (Alberta – Weather Conditions and Forecast, 2016), the
mean annual precipitation is 547 and 402 mm in Breton and Lethbridge
plots, respectively. The annual average of air temperature was 2.1 °C in
Breton and 5 °C in Lethbridge.

2.2. Soil sample collection and analysis

In the Breton long-term classical plots, two rotations were selected
for this study including a 2-yr wheat–fallow rotation and a 5-yr wheat
(Triticum aestivum) –oat (Avena sativa L.)–barley/hay–hay1–hay2 rota-
tion which were established in 1930. The hay phases included alfalfa
(Medicago sativa) and bromegrass (Bromus inermis) since 1967 to pre-
sent. Each rotation was managed with three nutrient managements in-
cluding balanced fertilization (N-P-K-S fertilizer), manure, and control
receiving no nutrient addition. In balanced fertilization, inorganic fer-
tilizers were applied at the rates of 22 kg P ha−1, 46 kg K ha−1, 5.5 kg
S ha−1, and the N rate depended on the crop and its place in the rota-
tion (wheat on fallow: 90 kg N ha−1; wheat after forage: 50 kg N ha−1;
oats or barley after wheat: 75 kg N ha−1; barley under seeded to hay:
50 kg N ha−1; legume-grass forages: 0 kg N ha−1). The N application
via manure also depended on the rotation (2-yr rotation: 90 kg N ha−1

during cropped years; cereal crops in 5-yr rotation: 175 kg N ha−1 every
5 years applied in two equal applications).

At the Lethbridge long-term experiment (known as Rotation 120) we
also sampled two rotations in 2015: a 2-yr wheat–fallow rotation (es-
tablished in 1985) and a 6-yr fallow–wheat1–wheat2–alfalfa1–alfalfa2–al-
falfa3 rotation (established in 1951). The alfalfa phases included alfalfa
(Medicago sativa L.) and crested wheat grass (Agropyron cristatum). This
experiment is arranged in a randomized complete block design with 4
replicates. Ammonium nitrate was broadcasted in the early spring prior
to any tillage or seeding at a rate of 45 kg N ha−1 on the wheat phase of
2yr rotation. In the 6yr rotation, triple super phosphate was broadcasted
at a rate of 25 and 50 kg P ha−1 on alfalfa and wheat phases, respec-
tively every third year.

Our field sample collections were conducted in early spring 2015.
In Breton, we collected soil samples in the fallow phase of the 2-yr ro-
tation, and the oat and hay2 phases of the 5-yr rotation because this
sampling timing allowed for examination of the carry over effects from
the immediate preceding growing seasons: wheat2yrR, wheat5yrR, and
Hay1-5yrR, respectively. As a benchmark for the Breton plot, we also col-
lected soil samples at an adjacent natural forest site. A total of ten sam-
pling plots were conducted at the Breton site including 3 plots (manure,
balanced fertilization, and control) in each of fallow, oat, and hay2
phases, and 1 site in the adjacent forest. At the Lethbridge site, all the
phases of the two rotations were sampled except for alfalfa2 in the 6-yr
rotation for a total of 7 sampling plots with 4 replicates.
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Within each field plot, undisturbed soil samples were collected using
stainless steel cylindrical cores (8 cm inner diam.) with three samples
per plot for Breton, and two samples in each replicate for Lethbridge.
Undisturbed clods (∼500 cm3) were also excavated from each plot with
a shovel at the 5 cm depth (three samples per plot for Breton, and two
for Lethbridge). Clods were wrapped in aluminum foil and plastic sam-
pling bags to prevent significant moisture loss, and placed in a plas-
tic container to minimize disturbance during transport from the field.
For chemical and microbial analyses, we also collected disturbed soil
samples in each field plot by compositing 4 subsamples taken using a
2 cm inner diam. push probe (three samples per plot for Breton, and one
for Lethbridge). These disturbed samples were placed in the Whirl-Pak®

(Nasco, Fort Watkins, Wisconsin) sterile sampling bags and were trans-
ported in an icebox to the laboratory. Samples for microbial characteri-
zation were kept frozen at −86 °C until they were freeze-dried in prepa-
ration for analysis. Within each sampling plot, all soil samples were
taken at randomly selected sampling points and at the depth increment
of 5–10 cm. Wheat grain yield as the dry mass basis was averaged for
10 years (2005–2014) and used to compare the wheat productivity of
simple wheat-fallow rotation versus complex rotation.

Using the undisturbed clods, mass fractal dimension of soil aggre-
gates was determined using multistripe laser triangulation scanning (3D
Scanner Ultra HD, NextEngine, California). Fractal dimension is a mea-
sure of how soil aggregates are hierarchically organized in soils. Larger
aggregates have a lower mass to volume ratio as explained by the poros-
ity exclusion principle (Hirmas et al., 2013); denser micro-aggregates
are bonded to form macro-aggregates with greater porosity. The proce-
dure for measuring fractal dimension is described in detail by Hirmas
et al. (2013). Briefly, a parent clod (∼500 cm3) was progressively bro-
ken down into five smaller size classes (i.e. 4–8, 2–4, 1–2, 0.5–1, and
0.25–0.5 cm diam.). Two aggregates from each class were randomly se-
lected and scanned to obtain a 3D image to determine aggregate vol-
ume. We assessed the precision of our volume measurements using re-
peated laser scanning (n = 20). The method performed well for deter-
mining multiple volumes ranging from 0.1 to 270 cm3 as shown by coef-
ficient of variations lower than 5% and standard deviations lower than
0.04 cm3.

Fractal dimension was obtained using the following equation
(Gimenez et al., 2002):

(1)

where M(v) is the mass of aggregates (g) with volume v (cm3), Km is a
constant representing the mass of aggregate unit volume, and Dm is the
fractal dimension. Lower Dm values imply increasing hierarchical aggre-
gation, and hence development of improved soil structure.

Using the undisturbed cores, water retention was determined with
the evaporation method (Schindler et al., 2010) using a HYPROP device
(UMS GmbH, Munich, Germany) for tensions <1000 hPa. Matric poten-
tial was automatically recorded every minute for the first hour and at
10 min intervals thereafter by two tensiometers at two depths within
the saturated soil cores. The gravimetric water content of the samples
was recorded twice daily for up to 14 days. Data points of the retention
and unsaturated hydraulic conductivity (unsat. K) curves were calcu-
lated with the HYPROP 2011 software (UMS GmbH, Munich, Germany)
based on the mean tension potential of the two tensiometers and water
contents.

The water content for moderate to dry moisture ranges was evalu-
ated with a WP4-T potentiometer (Decagon Devices, Inc., Pullman, WA,
USA) based on the chilled-mirror dew point technique (Schelle et al.,
2013). The WP4 determines the relative humidity of the air above a
sample in a closed chamber after temperature equilibrium. Seven dif-
ferent amounts of water were added to 5 mg dry weight of soil in plas

tic cups. Each sample cup represents one point on the curve. The cups
were closed tightly and samples allowed equilibrating for 24 h. When
the water potential of the sample was in equilibrium with the va-
por pressure of the WP4-T measurement chamber, water tension was
recorded. Sample weight was determined immediately after measure-
ment and related to the oven-dry weight (at 105 °C) to obtain the corre-
sponding water content. The van Genuchten–Mualem (van Genuchten,
1980) model was fitted to the results from the evaporation method and
WP4-T measurements.

(2)

where θv is the volumetric water content (cm3 cm−3), θs and θr are the
saturated and residual water content (cm3 cm−3), respectively, hm is the
matric potential (hPa), α (hPa−1) is a reciprocal suction that is charac-
teristic for the soil, and n and m ( are dimensionless variables
that describe the shape of the curve.

Soil pore size distribution data was computed from the soil water re-
tention data for tensions of approximately −30, −60, and −330 hPa
using the procedure outlined in Hernandez-ramirez et al. (2014). These
tensions correspond to pore diameters of 100, 50, and 9 μm. Pore vol-
ume fractions were quantified from the change in volumetric water con-
tent using these pore diameters as class boundaries. Plant available wa-
ter (PAW) was also calculated as the volumetric water content between
field capacity (−330 hPa) and permanent wilting point (−15000 hPa).

Dexter (2004) introduced the S-index as an index of soil physical
quality where S is the slope of the water retention curve at the inflec-
tion point when logarithm of water suction (h) is plotted against water
content. S-index was calculated from fitted van Genuchten parameters
as follows:

(3)

The hydraulic conductivity (k) was calculated according to the
Darcy-Buckingham law (Schindler et al., 2010):

(4)

where h is the mean pressure head averaged of both tensiometers, ΔV
is the soil water volume difference, A is surface area, ΔT is time inter-
val, and im is the hydraulic gradient calculated based on the pressure
head readings. Unsat. K was calculated as the conductivity of the sam-
ple at the tension of approximately 100 hPa assumed to be the bound-
ary between macropores and mesopores. At the end of each measure-
ment campaign, the soil samples were oven dried at 105 °C for 24 h
to derive the total porosity and the BD assuming a particle density of
2.65 g cm−3.

After grinding a portion of the composited, disturbed samples, soil
organic carbon (SOC) and soil total nitrogen (STN) was determined by
dry combustion method using a Costech ECS 4010 Elemental Analyzer
(Costech Analytical Technologies Inc., Valencia, CA, USA). Soil pH was
measured using a 1:2 soil to water ratio (Mclean, 1982).

Using composited samples, we characterized soil microbial commu-
nities using phospholipid fatty acid (PLFA) analysis. Polar lipids were
extracted from freeze-dried samples using a modified Bligh and Dyer
protocol (Hannam et al., 2006). The resulting fatty-acid methyl esters
were separated using an Agilent 6890 Series capillary gas chromato-
graph (Agilent Technologies, Wilmington, DE, USA). Individual peaks
were identified and quantified (nmol g−1) using the MIDI peak identi-
fication software (MIDI, Inc., Newark, DE, USA). The standardized X: Y
ω Z nomenclature for fatty acids was used to identify PLFAs, where X is

3
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the number of carbon atoms, Y is the number of double bonds, and Z is
the position of the first double bond from the aliphatic end (ω) of the
molecule (Quideau et al., 2016). Taken together, all of the PLFA bio-
markers with 14 to 20 carbon atoms were considered to be representa-
tive of the total PLFA of the soil microbial community. The total PLFAs
were used as an index of MBC.

2.3. Statistical analysis

We used non-metric multi-dimensional scaling (NMS) ordinations to
identify potential patterns in the soil microbial community compositions
(McCune and Grace, 2002). An iterative search for the best representa-
tion within the reduced space determines the optimal NMS solution. The
stress value indicating the differences between the original data and the
NMS solution shows the strength of the NMS solution. The environmen-
tal variables included in the secondary matrix were pH, SOC, STN, C/
N, α, n, θr, θs, S-index, Ks, unsat. K, BD, porosity, sat.WC, field capacity
water content (θFC) and permanent wilting point water content (θPWP)
with the cut-off value equal to 0.3. All analyses were conducted using
PCORD software (version 5, MjM Software Design, Gleneden Beach, OR,
USA).

The PLFAs with 14 to 20 carbons were used for analysis of the micro-
bial communities except for the rare PLFAs which were found in merely
one or two samples. Data groupings were tested for significant differ-
ences in the NMS analysis using a multi-response permutation proce-
dure (MRPP). The MRPP test generates P, T, and A values indicating
probability value, separation among groups, and within-group homo-
geneity compared to random expectation (McCune and Grace, 2002).
The indicator species analyses were performed on the data groupings
which were different in MRPP test. This statistical method generates an
indicator value based on the abundance and frequency of a particular
PLFA in a given data grouping. A larger indicator value shows a stronger
relationship between the PLFA and the given data grouping. A random-
ized Monte Carlo test was used to test the statistical significance of the
indicator value.

Using Bartlett’s and Shapiro-Wilk’s tests, Lethbridge data were
tested and passed normality and equal variance tests. Analyses of vari-
ance (ANOVA) with mixed models were used to test differences among
rotations and phases (fixed effect) with plot as a random source of vari-
ation for the Lethbridge site. When there was a significant effect in the
ANOVA models (P < 0.05), Tukey HSD tests were subsequently run to
compare means and identify any grouping structure. Plots at Breton site
do not have an experimental design to allow for conventional paramet-
ric statistical tests. Therefore, we used nonparametric Dunn's test fol-
lowing by rejection of a Kruskal–Wallis test to test differences in Breton
plots between rotations and among phases and also the three different
nutrient managements. All statistical analyses were completed using R
software and an alpha critical level of 5%.

Linear regression was used to assess the scaling relationship of
mass-volume for all soil clods and aggregates. Data were natural log
transformed to reduce bias of large clods on fitted parameters (Hirmas et
al., 2013). A t-test determined if the regression coefficients [i.e., slopes
of mass fractal dimension (Dm)] of the linear regressions were signifi-
cantly different from a value of 1 (i.e., the non-fractal constant for mass
versus volume is 1; Ho: β1 = 1).

Fitted soil moisture retention curves and hydraulic conductivity
were modelled from the measured data. Root mean square error (RMSE)
was used as a criterion for model selection. Parameters for the van
Genuchten (VG) model (Tables 1A, 1B, 2A, and 2B) and hydraulic con-
ductivity were first derived from each individual measured data set and
subsequently analyzed to statistically test for differences between rota-
tions and among phases and also the three different nutrient manage-
ments.

Pearson correlation was used for all dataset to assess the association
among all available properties and soil quality metrics.

3. Results

3.1. Fractal dimension (Dm)

Linear regression analyses revealed the clear existence of fractal ag-
gregation in the soils under forest and extended complex crop rotations
(Fig. 1). Furthermore, Tukey test detected a significant difference in
fractal aggregation between forest and simple rotation (P < 0.05; Table
1B).

We also conducted Dm estimations separately for each crop rota-
tion phases. Soils were not significantly fractal (i.e. Dm not significantly
different from unity) at fallow phases of both simple and complex ro-
tations in Lethbridge (Dm = 0.987 and 0.993, respectively). Similarly,
the wheat phase in the simple wheat-fallow rotation was also nonfrac-
tal in Breton (0.992). On the contrary, the wheat phases in complex
rotations exhibited clear fractal aggregation (Fig. 1A and B; Dm val-
ues significantly different than one). This result demonstrates an overall
improved hierarchical fractal aggregation in soils managed with rota-
tion including perennial legumes and grasses. In addition, among ma-
nure, balanced fertilization, and control, the balanced fertilization was
the only nutrient regime that exhibited significantly fractal aggregation
(Dm = 0.965, P = <0.001 for test Ho: β1 = 1; Table 1B and Fig. 2).

3.2. Water retention characteristics, pore size distribution, S-index, and
hydraulic parameters

Overall means of the van Genuchten (VG) parameters for the mois-
ture retention curves differed between forest and croplands at Breton
(Table 1A), but there was no significant difference neither between the
simple and complex rotation nor among the phases of the rotations.
Root mean square errors for the moisture curve of each land use system
ranged from 0.005 to 0.021 cm3 cm−3 indicating effective fitting of the
VG model to measured data based on thresholds suggested by Jamieson
et al. (1991).

Sat. WC and PAW were 1.3 times higher in forest than the croplands
(Table 1A). When comparing the two crop rotation types, they differed
significantly with up to 8% greater sat. WC in complex rotation soils
compared to simple rotation; however, there was no significant differ-
ence among rotation phases at both sites. PAW also differed between
rotations, with 1.2 times greater PAW in complex rotation than simple
rotation (P < 0.05) at the Breton site (Table 1A). With regards to nutri-
ent managements, the sat. WC was greater in plots receiving long term
applications of fertilizer or manure compared to the control treatment
with no nutrient addition (P < 0.01). Consequently, it became evident
that PAW was 7–18% higher where balanced fertilization was recur-
rently applied.

Clear significant difference was found in the S-index (i.e., slope of
moisture curves at their inflection point) between forest and cropland at
Breton (P < 0.001) (Table 1A). Additionally, crop rotation affected the
S-index, with a 10% numerical increase in S-index for the complex ro-
tations compared to simple rotations (Tables 1A and 2A) although this
tendency was not statistically significant. Furthermore, balanced fertil-
ization had greater S-index than manure additions (0.024 vs. 0.022;
P < 0.05).

Pore size distribution results did not translate into differences in
soil pore fractions among land managements, with the unique excep-
tion of significantly more abundant small pores (<9 μm diam.) in bal-
anced fertilization than the control soil at Breton (Table 1B). With re-
spect to the phases of the complex rotation, a greater presence of large
pores (>100 μm diam.) in soils under perennial legumes than other

4
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Table 1A
Effect of crop rotation and nutrient management on selected soil attributes at the 5–10 cm soil increment depth from Breton site. Within each column of every section, treatment means with different letters differ, P < 0.05.

Crop rotation BD Porosity sat. WC θFC θPWP PAW θs θr n α S-index RMSE Ө RMSE K

(g cm−3) (cm3 cm−3) (hPa−1) (cm3 cm−3) (cm d−1)

Forest 0.77 c 0.71 a 0.59 a 0.30 a 0.08 c 0.23 a 0.62 a 0.001 1.17 a 0.35 a 0.030 a 0.021 0.094
SEM 0.085 0.032 0.015 0.008 0.003 0.010 0.016 0.008 0.046 0.002
5-yr rotation 1.28 b 0.52 b 0.47 b 0.29 ab 0.09 b 0.19 b 0.47 b 0.001 1.18 a 0.08 b 0.024 b 0.015 0.127
SEM 0.017 0.007 0.007 0.005 0.002 0.005 0.007 0.004 0.011 0.000
2-yr rotation 1.40 a 0.47 c 0.44 c 0.27 b 0.11 a 0.16 c 0.43 c 0.001 1.19 a 0.06 b 0.022 b 0.010 0.111
SEM 0.048 0.018 0.013 0.005 0.005 0.005 0.013 0.006 0.016 0.000
P <0.001 <0.001 <0.001 0.03 <0.001 <0.001 <0.001 0.35 <0.001 <0.001
Phases of 5-yr rotation
5-yr-Hay 1.27 a 0.52 a 0.46 a 0.27 a 0.09 a 0.18 a 0.46 a 0.001 1.19 a 0.08 a 0.024 a 0.012 0.148
SEM 0.024 0.009 0.010 0.008 0.003 0.011 0.010 0.009 0.021 0.001
5-yr-Wheat 1.31 a 0.50 a 0.47 a 0.29 a 0.09 a 0.20 a 0.47 a 0.001 1.18 a 0.08 a 0.023 a 0.015 0.123
SEM 0.033 0.012 0.013 0.007 0.005 0.007 0.015 0.005 0.020 0.001
P 0.33 0.34 0.45 0.11 0.93 0.17 0.70 0.34 0.79 0.65
Nutrient managements
Manure 1.27 b 0.52 a 0.47 a 0.28 ab 0.10 a 0.18 ab 0.46 ab 0.001 1.17 b 0.10 a 0.022 b 0.014 0.157
SEM 0.034 0.013 0.009 0.006 0.004 0.007 0.008 0.003 0.021 0.000
Balanced fertilization 1.33 ab 0.50 ab 0.47 a 0.29 a 0.09 a 0.19 a 0.47 a 0.001 1.19 a 0.08 a 0.024 a 0.013 0.127
SEM 0.039 0.014 0.012 0.006 0.005 0.008 0.015 0.008 0.019 0.001
Control 1.41 a 0.47 b 0.42 b 0.26 b 0.10 a 0.16 b 0.42 b 0.001 1.20 a 0.05 a 0.022 ab 0.009 0.076
SEM 0.037 0.014 0.010 0.006 0.007 0.009 0.013 0.004 0.012 0.001
P 0.04 0.04 0.003 0.03 0.22 0.03 0.02 0.004 0.21 0.03323

BD: bulk density; sat. WC: saturated water content determined from the total loss of water; θFC: field capacity water content; θPWP: permanent wilting point water content; PAW: plant available water; θs: saturated volumetric water content obtained by fitted
van Genuchten model; θr: residual water content; n: a shape parameter related to the curve smoothness; α: a negative inverse of the air entry potential; S-index: the slope at the inflection point; RMSE: root mean square error of modelled θ and K data.
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Table 1B
Effect of crop rotation and nutrient management on selected soil attributes at the 5–10 cm soil increment depth from Breton site. Within each column of every section, treatment means with different letters differ, P < 0.05. Ks: saturated hydraulic conductiv-
ity; Unsat. K: hydraulic conductivity at 100 hPa; SOC: soil organic carbon; STN: soil total nitrogen; C:N: carbon to nitrogen ratio; MBC: microbial biomass carbon.

Crop rotation Ks unsat. K at 100 hPa Pore Volume (cm 3 cm−3) pH STN SOC C:N MBCb Dm

>100 100–50 50–9 <9

(cm d−1) (μm diameter) (% m/m) (% m/m) nmol g−1 soil

Forest 2506 a 0.027 a 0.30 a 0.03 a 0.07 a 0.30 a 5.00 b 0.21 a 3.62 a 17.3 a 1849 b 0.920 b a

SEM 1238 0.008 0.035 0.001 0.005 0.008 0.17 0.020 0.41 0.42 207 0.049
5-yr rotation 110 b 0.039 a 0.14 b 0.03 a 0.06 a 0.29 ab 5.15 b 0.19 a 2.19 b 11.2 b 2641 a 0.969 ab a

SEM 31 0.005 0.008 0.002 0.002 0.005 0.12 0.009 0.11 0.12 176 0.030
2-yr rotation 76 b 0.037 a 0.11 b 0.02 a 0.06 a 0.27 b 6.17 a 0.13 b 1.47 c 11.4 b 1912 b 0.991 a
SEM 22 0.009 0.016 0.002 0.002 0.005 0.11 0.023 0.28 0.34 153 0.047
P <0.001 0.62 <0.001 0.15 0.42 0.03 <0.001 0.003 <0.001 <0.001 0.01 0.01
Phases of 5-yr rotation
5-yr-Hay 134 a 0.041 a 0.15 a 0.03 a 0.07 a 0.27 a 4.89 a 0.19 a 2.20 a 11.3 a 2627 a 0.956 a a

SEM 56 0.010 0.011 0.002 0.003 0.008 0.21 0.017 0.21 0.19 268 0.035
5-yr-Wheat 119.a 0.043 a 0.12 a 0.03 a 0.06 a 0.29 a 5.17 a 0.17 a 1.92 a 10.7 b 2718 a 0.976 a a

SEM 61 0.009 0.015 0.002 0.003 0.007 0.18 0.008 0.09 0.12 322 0.033
P 0.86 0.91 0.21 0.47 0.12 0.11 0.32 0.45 0.23 0.01 0.83 0.12
Nutrient managements
Manure 112 a 0.019 b 0.15 a 0.02 a 0.06 a 0.28 ab 5.80 a 0.21 a 2.43 a 11.3 a 3018 a 0.987 a
SEM 49 0.003 0.015 0.002 0.002 0.006 0.15 0.007 0.10 0.24 324 0.044
Balanced fertilization 132 a 0.044 a 0.1 a 0.03 a 0.07 a 0.28 a 4.80 b 0.15 b 1.64 b 10.9 a 2258 ab 0.965 a a

SEM 60 0.009 0.012 0.002 0.003 0.006 0.26 0.011 0.12 0.17 177 0.029
Control 76 a 0.065 a 0.11 a 0.03 a 0.07 a 0.26 b 5.64 a 0.13 b 1.53 b 11.3 a 1982 b 0.985 a
SEM 25 0.010 0.015 0.003 0.003 0.006 0.18 0.023 0.28 0.32 199 0.035
P 0.74 <0.001 0.09 0.10 0.15 0.03 0.004 0.002 0.004 0.49 0.02 0.26

a Indicates that the Dm value is significantly different from 1 at P < 0.05 or it is fractal.
b The total PLFAs were used as an index of microbial biomass carbon.
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Table 2A
Effect of crop rotation type on selected soil attributes at the 5 to 10 cm soil depth increment from Lethbridge site. Within each column of every section, treatment means with different letters differ, P < 0.05.

Crop rotation BD Porosity sat. W C θFC θPWP PAW θs θr n α S-index RMSE Ө RMSE K

(g cm−3) (cm3 cm−3) (hPa−1) (cm3 cm−3) (cm d−1)

6-yr rotation 1.39 b 0.48 a 0.47 a 0.27 a 0.14 b 0.14 a 0.47 a 0.004 a 1.20 a 0.05 a 0.026 a 0.007 0.23
SEM 0.02 0.01 0.007 0.01 0.00 0.00 0.01 0.00 0.008 0.01 0.00
2-yr rotation 1.48 a 0.44 b 0.43 b 0.28 a 0.15 a 0.13 a 0.44 a 0.006 a 1.20 a 0.04 a 0.023 a 0.008 0.27
SEM 0.01 0.01 0.013 0.01 0.00 0.01 0.01 0.00 0.007 0.01 0.00
P 0.007 0.006 0.02 0.84 0.006 0.24 0.06 0.94 0.77 0.17 0.12
Phases of 2-yr rotation
2-yr-Wheat 1.46 a 0.45 a 0.43 a 0.27 a 0.15 a 0.12 a 0.43 a 0.008 a 1.19 a 0.03 a 0.022 a 0.008 0.31
SEM 0.01 0.004 0.018 0.011 0.003 0.014 0.016 0.008 0.009 0.006 0.000
2-yr-Fallow 1.50 a 0.43 a 0.44 a 0.28 a 0.15 a 0.13 a 0.46 a 0.004 a 1.20 a 0.04 a 0.024 a 0.010 0.21
SEM 0.02 0.009 0.020 0.010 0.009 0.014 0.020 0.004 0.008 0.003 0.002
P 0.19 0.12 0.57 0.62 0.92 0.72 0.29 0.67 0.90 0.52 0.21
Phases of 6-yr rotation
6-yr-Fallow 1.38 a 0.48 a 0.50 a 0.27 ab 0.14 a 0.13 ab 0.52 a 0.011 a 1.21 a 0.07 a 0.028 a 0.010 0.75
SEM 0.02 0.01 0.016 0.014 0.008 0.009 0.021 0.011 0.024 0.020 0.003
6-yr-Wheat1 1.32 a 0.50 a 0.48 a 0.26 ab 0.13 a 0.13 ab 0.47 a 0.005 a 1.19 a 0.08 a 0.025 a 0.007 0.54
SEM 0.01 0.009 0.017 0.002 0.001 0.004 0.009 0.003 0.012 0.012 0.003
6-yr-Wheat2 1.50 a 0.43 a 0.45 a 0.31 a 0.14 a 0.17 a 0.45 a 0.0001 a 1.19 a 0.02 a 0.024 a 0.008 0.17
SEM 0.02 0.01 0.012 0.013 0.009 0.009 0.013 0.000 0.010 0.006 0.002
6-yr-Alfalfa 2 1.38 a 0.48 a 0.47 a 0.26 b 0.13 a 0.13 ab 0.48 a 0.009 a 1.24 a 0.04 a 0.029 a 0.005 0.11
SEM 0.01 0.02 0.011 0.011 0.004 0.012 0.011 0.008 0.019 0.008 0.002
6-yr-Alfalfa 3 1.44 a 0.46 a 0.44 a 0.27 ab 0.14 a 0.13 b 0.44 a 0.0005 a 1.19 a 0.04 a 0.023 a 0.006 0.12
SEM 0.02 0.02 0.019 0.007 0.004 0.005 0.018 0.001 0.007 0.013 0.001
P 0.18 0.15 0.09 0.05 0.21 0.05 0.06 0.78 0.34 0.11 0.22

BD: bulk density; sat. WC: saturated water content determined from the total loss of water; θFC: field capacity water content; θPWP: permanent wilting point water content; PAW: plant available water; θs: saturated volumetric water content obtained by fitted
van Genuchten model; θr: residual water content; n: a shape parameter related to the curve smoothness; α: a negative inverse of the air entry potential; S-index: the slope at the inflection point; RMSE: root mean square error of modelled θ and K data.



UNCORRECTED PROOFTable 2B
Effect of crop rotation on selected soil attributes at the 5–10 cm soil depth increment from Lethbridge site. Within each column of every section, treatment means with different letters differ, P < 0.05. Ks: saturated hydraulic conductivity; Unsat. K: hydraulic
conductivity at 100 hPa; SOC: soil organic carbon; STN: soil total nitrogen; C:N: carbon to nitrogen ratio; MBC: microbial biomass carbon.

Crop rotation Ks unsat. K at 100 hPa Pore Volume (cm 3 cm−3) pH STN SOC C:N MBCb Dm

>100 100–50 50–9 <9

(cm d−1) (μm diameter) (% m/m) (% m/m) nmol g−1 soil

6-yr rotation 104 a 0.070 a 0.08 a 0.03 a 0.09 a 0.27 a 7.20 a 0.16 a 1.94 a 11.9 a 707 a 0.984 a a

SEM 47 0.01 0.01 0.00 0.00 0.01 0.089 0.00 0.09 0.44 36 0.016
2-yr rotation 57 a 0.077 a 0.05 a 0.03 a 0.08 a 0.28 a 7.29 a 0.13 b 1.61 b 12.0 a 576 a 0.986 a a

SEM 19 0.03 0.01 0.00 0.00 0.01 0.086 0.00 0.08 0.37 50 0.015
P 0.51 0.73 0.17 0.29 0.27 0.81 0.5667 <0.001 0.03 0.91 0.05 0.83
Phases of 2-yr rotation
2-yr-Wheat 47 a 0.042 a 0.07 a 0.03 a 0.08 a 0.27 a 7.25 a 0.14 a 1.67 a 12.1 a 535 a 0.987 a a

SEM 17 0.017 0.010 0.002 0.004 0.011 0.128 0.005 0.14 0.717 52 0.019
2-yr-Fallow 139 a 0.125 a 0.03 a 0.03 a 0.08 a 0.28 a 7.33 a 0.13 a 1.54 a 11.8 a 617 a 0.984 a
SEM 54 0.052 0.023 0.004 0.010 0.010 0.131 0.006 0.09 0.308 87 0.012
P 0.12 0.14 0.21 0.23 0.86 0.62 0.64 0.36 0.47 0.67 0.45 0.81
Phases of 6-yr rotation
6-yr-fal 99 a 0.072 a 0.09 a 0.05 a 0.09 a 0.27 ab 7.19 a 0.14 c 1.73 a 12.0 a 625 a 0.993 a
SEM 52 0.009 0.042 0.006 0.005 0.014 0.168 0.003 0.057 0.270 36 0.019
6-yr-wh1 1083 a 0.050 a 0.11 a 0.03 ab 0.09 a 0.26 ab 7.24 a 0.15 bc 2.11 a 13.5 a 655 a 0.989 a a

SEM 292 0.008 0.013 0.002 0.006 0.002 0.213 0.006 0.283 1.362 87 0.005
6-yr-wh2 35 a 0.052 a 0.03 a 0.02 b 0.07 a 0.31 a 7.12 a 0.18 ab 1.84 a 10.2 a 737 a 0.985 a a

SEM 23 0.022 0.017 0.002 0.009 0.013 0.270 0.006 0.190 0.657 36. 0.004
6-yr-alf2 329 a 0.093 a 0.08 a 0.04 ab 0.10 a 0.26 b 7.06 a 0.19 a 2.06 a 11.0 a 792 a 0.975 a
SEM 139 0.023 0.016 0.004 0.005 0.011 0.282 0.006 0.258 1.034 141 0.025
6-yr-alf3 562 a 0.074 a 0.08 a 0.02 b 0.09 a 0.27 ab 7.40 a 0.15 bc 1.96 a 12.7 a 723 a 0.979 a
SEM 326 0.026 0.016 0.003 0.008 0.007 0.052 0.008 0.188 0.693 69 0.017
P 0.19 0.58 0.40 0.013 0.29 0.04 0.82 <0.001 0.71 0.12 0.64 0.42

a Indicates that the Dm value is significantly different from 1 at P < 0.05 or it is fractal.
b The total PLFAs were used as an index of microbial biomass carbon.
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Fig. 1. Mass fractal dimension (Dm, unitless) of the natural log transformed aggregate mass (g) versus natural log normalized aggregate volume (cm3) for phases within simple and complex
rotations and adjacent forest (A. Breton, B. Lethbridge). Dm values are derived as slopes of linear regressions. Shown p-values are for regression coefficients against one as the non-fractal
constant for mass vs. volume; Ho: β1 = 1. Lower Dm values imply increasing development of hierarchical aggregacomplex rotations and adjacent forest (A. Breton, B. Lethbridge). Dm val-
ues are derived as slopes of linear regressions. Shown p-values are for regression coefficients against one as the non-fractal constant for mass vs. volume; Ho: β1 tion, and hence improved
soil quality. Figures A and B have different y-axes scales, R. means rotation, and error bar is standard error.

Fig. 2. Mass fractal dimension (Dm, unitless) of the natural log transformed aggregate mass (g) versus natural log normalized aggregate volume (cm3) for two nutrient managements (A.
balanced fertilization, B. control). The n value is the number of scanned aggregates. Dm values are derived as slopes of linear regressions. Shown p-values are for regression coefficients
against one as the non-fractal constant for mass vs. volume; Ho: β1 = 1.

cropping phases indicates an overall tendency for increased soil space
for roots, air, and water in these soils.

Root mean square error values of modelled hydraulic conductivity
(K) were high over all measured soils (0.218 cm day−1; Tables 1A and
2A) indicating modest fitting in part as a result of extrapolation into the
saturated zone of the retention curve. Unsat. K at 100 hPa did not dif-
fer among land managements, with the only exception of the manured
soils which had about half unsat. K compared to both the balanced fer-
tilization and control soil (P < 0.001; Table 1B). Conversely, saturated
hydraulic conductivity (Ks) was more than 1.5 times faster in complex
rotations than the simple rotations. Forest soil was also clearly different
than cropland soils with 26 times faster Ks (P < 0.001).

Complex rotation had a lower soil BD than simple rotation
(P < 0.001; Tables 1A and 2A). BD was also much lower in soils receiv-
ing manure compared to the control soil. As expected, total porosity re-
vealed the responses to rotation and nutrient management opposite to
BD’s (Ps < 0.001).

3.3. Soil microbial biomass C, microbial communities, pH, SOC, STN, and
C:N

At the Breton site, MBC (nmol g−1) was nearly 1.5 times greater in
the complex rotation compared to the forest and simple rotation soils
(P < 0.05; Table 1B). Lethbridge soils exhibited a similar tendency with
19% numerically greater MBC in the complex crop rotation than in the
simple rotation (Table 2B). Different phases of rotations also did not sig-
nificantly influence MBC. Nevertheless, when focusing on nutrient man-
agement comparisons at the Breton site, a sharp increase in MBC was
observed when contrasting the control fields with a basal concentration
of 1982 nmol g−1 versus a peak of 3018 nmol g−1 in the manured soils
(P < 0.05).

The NMS ordinations attained a low stress (≤13) after 70–90 iter-
ations indicating resolution convergence. Solution for the Breton mi-
crobial communities was two-dimensional and the axes explained more
than 90% of the data variance (Fig. 3). Analysis of the microbial com-
munities led to a three-dimensional solution for the Lethbridge site,

9
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Fig. 3. NMS ordination biplots for phospholipid fatty acid (PLFA) analysis for phases within simple and complex rotations and adjacent forest (A. Breton, B. Lethbridge); cut-off
value = 0.3.

where the two axes presented in Fig. 3 accounted for 61% of the vari-
ance.

Differences between forest and croplands and also between the sim-
ple and complex rotations at both sites were statistically significant
for the PLFA data as evidenced by the p-values smaller than the 0.01
obtained from the MRPP analyses (Table 3). With regards to rota-
tion phases, not only was there no significant difference among phases
within the complex rotations, but the wheat phases in the simple and
complex rotations were similar (Table 3). These findings were further
supported by the evident overlap of the data clusters of the different
phases within the complex rotations as shown on the NMS graphic vi-
sualizations (Fig. 3). However, the fallow phases in both simple and
complex rotations at the Lethbridge site resulted in two distinctive clus-
ters clearly separated on the NMS visualization (Fig. 3B), yielded a

Table 3
Multi-response permutation procedure results for microbial community structure (PLFA)
in both sites. Only comparisons that were found to be significantly different are presented.

Comparisons T A P

Breton
Among treatments −7.198 0.146 <0.001
2-yr R-Wheat vs. 5-yr R-Hay −3.982 0.094 0.003
2-yr R-Wheat vs. Forest −5.054 0.158 0.001
5-yr R-Wheat vs. Forest −5.214 0.160 <0.001
5-yr R-Hay vs. Forest −4.455 0.133 0.002
Lethbridge
Among treatments −4.335 0.148 <0.001
2-yr R-Fallow vs. 6-yr R-Alfalfa 3 −3.578 0.163 0.006
2-yr R-Fallow vs. 6-yr R-Fallow −3.242 0.174 0.001

T: separation among groups; P: probability value; A: homogeneity within groups.

fairly large T value (>3.2), and a p value lower than 0.001 in the pair-
wise MRPP comparisons (Table 3).

The indicator species analysis detected the presence of specific PLFA
biomarkers associated with different land use at both the Breton and
Lethbridge sites (Tables 4 and 5). The presence of Gram-negative bacte-
ria associated with 16:1ω9c, 18:1ω5c, and 19:0 Cyc ω8c PLFAs (Zelles,
1999) was seen in croplands, while the forested site was character-
ized by unique protozoa and fungal biomarkers (20:4ω6c and 18:3ω6c
PLFAs, respectively).

The SOC and STN concentrations were affected by rotations and nu-
trient management (Tables 1B and 2B). Both SOC and STN were signif-
icantly higher in the complex crop rotations. Manure addition also had
significantly greater SOC and STN than both inorganic balanced fertil-
ization and the control soils. Although the soil C:N ratio did not statisti-
cally differ across cropping systems, this parameter was 1.5 times wider
in the forest soil than the croplands (P < 0.001; Table 1B).

The pH was lower in the complex 5-yr crop rotation than simple 2-yr
rotation particularly in the Breton site. Long-term application of inor-
ganic balanced fertilization decreased the pH by a magnitude difference
of roughly one pH unit (Table 1B).

3.4. Correlation analyses among soil properties

Several associations were found among soil parameters within the
different land managements. Fractal aggregation – Dm value – was
inversely correlated to abundance of large pores, sat. WC, Ks, SOC,
and S-index (−0.35 > ρ > − 0.47; P < 0.05; Table 6) in Breton soils
while there was no significant correlation between Dm value and other
soil properties in Lethbridge site. Soil MBC was inversely correlation

Table 4
Distinctive indicator species analysis for microbial community structure (PLFA) associated with treatments in Breton site. Each value represents the mean indicator with standard deviation
in parentheses, and the highest indicator value is in bold. Only PLFAs that were found to be significantly different among groups are presented.

PLFA Indicator Value Monte Carlo

Taxa biomarker Mean 2-yr R-Wheat 5-yr R-Wheat 5-yr R-Hay Forest P < 0.05

16:1ω9c Gram − 18.3 (6.64) 29 7 15 0 0.049
19:0 Cyc ω8c Gram − 26.0 (4.56) 2 26 42 7 <0.001
20:4ω6c (6,9,12,15) Protozoa 21.2 (6.11) 1 3 12 43 0.005
15:00 general bacteria 19.7 (6.59) 1 0 7 67 <0.001
16:1ω11c Gram − 26.2 (4.2) 8 17 11 36 0.023
18:3ω6c (6,9,12) Fungi 17.1 (7.07) 1 0 8 52 0.002

10



UN
CO

RR
EC

TE
D

PR
OOF

M. Kiani et al. Agriculture, Ecosystems and Environment xxx (2017) xxx-xxx

Table 5
Distinctive indicator species analysis for microbial community structure (PLFA) associated with treatments in Lethbridge site. Each value represents the mean indicator with standard
deviation in parentheses, and the highest indicator value is in bold. Only PLFAs that were found to be significantly different among groups are presented.

PLFA Indicator Value
Monte
Carlo

Taxa
biomarker Mean

2-yr R-
Wheat

2-yr R-
Fallow

6-yr R-
Fallow

6-yr R-
Wheat1

6-yr R-
Wheat2

6-yr R-
Alfalfa2

6-yr R-
Alfalfa3 P < 0.05

14:0
ISO

Gram + 19.9
(7.25)

0 0 37 37 0 2 9 0.035

18:1ω5c Gram − 15.6
(0.38)

14 8 16 15 17 15 14 0.002

with C:N ratio and pore size fraction of 9–50 μm diam. The MBC had
also inverse association with S-index in particular in the Breton site
(−0.35; P < 0.05).

3.5. The linkage between plant productivity and soil quality

In our study, comparison of 10-yr mean yields for wheat grain
(2005–2014) in simple wheat-fallow rotation versus in complex rota-
tion indicated a rotation effect trending towards higher yield levels with
the complex rotation in Breton (numerically) and Lethbridge (P < 0.01)
sites (Fig. 4). This yield difference was 23 and 15% for Breton and
Lethbridge sites, respectively. The balanced fertilization also had higher
grain yields than manure – on average 2588 and 1958 kg dry matter
ha−1 for balanced fertilization and manure, respectively.

4. Discussion

4.1. Land managements influence soil quality

4.1.1. Complex crop rotation improves soil quality and plant productivity
Complex crop rotations included alfalfa as a legume phase improve

overall soil quality compared to simple rotations as evidenced by en-
hanced SOC, STN, MBC, sat. WC, PAW and fractal aggregation (Tables
1B and 2B; Fig. 1). Perennial legumes have deep tap roots lifting soil for
better tilth and water holding capacity (Danga et al., 2009). In complex
long rotations with better soil structure and water availability, micro-
bial biomass was 1.3 times more abundant than in the simple 2-yr rota-
tions (Tables 1B and 2B). Soil moisture content and availability directly
impact the presence and activity of microorganisms in soils (Curtin et
al., 2012). In addition, more diverse and extended crop rotations would
improve the quality and quantity of the plant residues available for
microbial communities (Tiemann et al., 2015). When microbial abun-
dance and activity are increased, soil aggregation is typically enhanced
(Bossuyt et al., 2001). In keeping with this notion, our Dm value results
reveal that the complex rotations – which increased MBC – had also im-
proved soil aggregation and structure as indicated by significantly frac-
tal Dm (Fig. 1). Furthermore, enhanced formation of soil aggregates can
feedback into storing and protecting additional SOC and STN (Oades,
1984) and enhancing soil fertility (Tiemann et al., 2015). Leguminous
crop phases are frequently linked to increases in N availability as well
as aggregate formation and stability (McDaniel et al., 2014). Greater
soil aggregation in more diverse rotations can also increase abundance
of larger soil pores, which had a direct contribution to our higher sat.
WC and hydraulic conductivity. We further postulate that such enhance-
ment in soil aggregation could also improve surface water infiltration,
providing adaptation to drought and resistance to erosion. These infer-
ences are further supported by Hebb et al. (2017) who consistently re-
ported pronounced Dm aggregation improvements in soils managed un-
der perennial vegetation and Dm result also occurred in conjunction
with higher sat. WC, S index and mesoporosity.

Soil health is the foundation of productive farming practices. More
diverse and extended crop rotations contribute to enhanced productivity
(Smith et al., 2008). In our study, wheat grain yields indicated a trend
for higher yield levels with complex rotations (Fig. 4). This specific find-
ing can reinforce the notion that the beneficial effects of diverse rota-
tions on plant productivity may be associated with enhanced SQ by pro-
tecting SOC and soil aggregation, storing available water, and providing
a favorable microclimate conditions for biological activities.

The cropping systems were near steady-state equilibrium with re-
spect to SQ in long term, and therefore there were no clear differences
across the rotation phases (i.e., wheat vs. hay) for various soil properties
in particular for the Breton site. It became evident that implementation
of complex rotations in the long term (i.e., more than 80 and 60 years in
Breton and Lethbridge, respectively) provide the benefits derived from
the perennial legumes and grasses to all the phases within these rota-
tions. Differences among rotation phases were still slightly distinguish-
able for the slightly younger Lethbridge site.

Conversion of forest to agricultural land can result in a significant al-
teration in soil properties including depletions of soil structure and SOC
concentrations, thereby reducing porosity, Ks, and PAW (Beheshti et al.,
2012). Annual tillage and cropping practices can cause soil compaction
and lower SOC which would lead to the predominance of micro-ag-
gregates (Ashagrie et al., 2007). The 2-yr simple rotations had a sig-
nificant effect on deteriorating soil structural quality (i.e., S-index, sat.
WC, BD; Tables 1A and 2A). Furthermore, trafficking may lead to soil
compaction (Schwen et al., 2011); which can be inferred from the pro-
nounced loss of large pores (i.e., >100 μm in diam.). Presence of proto-
zoa as a distinctive biomarker in the forest soil can also be a unique in-
dicative of changes in the physical structure once cultivated. Significant
losses in SOC, porosity, and soil structure following conversion of forest
to cropland would detrimentally impact critical soil functions such as
greenhouse gases mitigation (Beheshti et al., 2012).

In our study, estimated MBC was higher in the complex rotation
soils compared to both the forest and simple rotation (Table 1A). Pro-
vided that the management as well as the quantity and quality of or-
ganic matter inputs in forest vs. complex rotations are different, mi-
crobial growth and accumulation seem to be facilitated in soils recur-
rently receiving nutrients – in particular manure providing microbial in-
oculation and nutrient– and covered by perennial legumes and grasses
(Ohtonen et al., 1997). By contrast, the boreal forest soils could remain
nutrient limited and the 1.5 times wider C:N ratio in our forest soils
underpins the nutrient limitation hypothesis (Quideau et al., 2013). In
general, the lability of organic matter is inversely related to the C:N ra-
tio (Kaye and Hart, 1998). Moreover, fungal biomass has a relatively
high C:N ratio, and fungi development can be inhibited by increased
N availability (Inglett et al., 2011) helping to explain the fungal bio-
marker in the forest soil. The fact that both the forest and cropland
soils have equally low pH (Table 1B) further supports the postulated
N-limiting hypothesis. Bossuyt et al. (2001) also reported a clear differ-
ence between fungal and bacterial populations with fungi dominating
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Table 6
Pearson correlation coefficients (r-values) for relationships among soil properties in both sites.

MBC C:N SOC TSN pH <9 μm 9–50 μm 50–100 μm >100 μm Ks S-index α n θs PAW Sat. WC BD

Breton
Dm 0.27 n −0.51** −0.36* -0.13 n 0.30 n 0.02 n -0.25 n -0.21 n −0.44 ** −0.35 * −0.46** −0.51** 0.02 n −0.47** -0.12 n −0.39* 0.44*
BD 0.15 n −0.74** −0.71** −0.46** 0.33* -0.32 n -0.23 n -0.33 n −0.95** −0.76** −0.77** −0.88** 0.26 n −0.92** −0.53** −0.90**
Sat. WC -0.09 n 0.66** 0.63** 0.43** −0.37* 0.58** 0.15 n 0.36* 0.77** 0.61** 0.77** 0.79** −0.37* 0.97** 0.73**
PAW 0.03 n 0.40* 0.43** 0.33* −0.47** 0.87** -0.01 n 0.18 n 0.31 n 0.23 n 0.50** 0.33* -0.20 n 0.64**
n −0.33* -0.21 n −0.38* −0.38* -0.14 n -0.22 n 0.40* -0.03 n -0.28 n -0.15 n 0.27 n −0.41*
S-index −0.35* 0.57** 0.42* 0.18 n −0.49** 0.32 n 0.43** 0.41* 0.66** 0.54**
Ks -0.32 n 0.54** 0.43** 0.19 n -0.12 n 0.12 n 0.32 n 0.03 n 0.77**
9–50 μm −0.45** 0.16 n -0.004 n -0.13 n −0.33* -0.09 n
TSN 0.29 n 0.28 n 0.85**
SOC -0.02 n 0.72**
C:N −0.40*
Lethbridge
Dm -0.17 n -0.07 n -0.25 n -0.29 n -0.13 n -0.14 n -0.30 n 0.08 n 0.28 n -0.09 n -0.03 n 0.27 n 0.03 n -0.005 n -0.14 n -0.04 n -0.19

n
BD -0.02 n -0.09 n -0.07 n -0.01 n 0.27 n 0.61** -0.26 n −0.55** −0.85** −0.38* −0.53** −0.75** −0.39* −0.62** 0.28 n −0.65**
Sat. WC -0.10 n 0.12 n 0.22 n 0.22 n -0.01 n -0.12 n 0.55** 0.75** 0.19 n 0.02 n 0.80** 0.41* 0.49* 0.97** 0.19 n
PAW 0.11 n 0.09 n 0.43* 0.53** 0.18 n 0.85** -0.22 n -0.23 n −0.49* -0.23 n -0.005 n -0.34 n -0.17 n 0.10 n
n -0.22 n -0.07 n 0.12 n 0.26 n -0.05 n −0.42* 0.64** 0.69** 0.12 n −0.43* 0.90** -0.01 n
S-index -0.19 n 0.02 n 0.21 n 0.29 n -0.01 n -0.30 n 0.70** 0.83** 0.12 n -0.32 n
Ks 0.39* -0.02 n -0.07 n -0.07 n -0.16 n -0.32 n -0.21 n -0.15 n 0.56**
9–50 μm −0.37* 0.11 n 0.17 n 0.14 n -0.09 n -0.36 n
TSN 0.35 n -0.004 n 0.66**
SOC -0.11 n 0.74**
C:N −0.45*

* and ** indicate significant correlation at P < 0.05 and P < 0.01, respectively.
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Fig. 4. Wheat grain productivity (kg ha−1, 10-yr mean yields for 2005–2014) for simple and complex rotations (A. Breton site, B. Lethbridge site). The wheat grain yield in complex
rotation of Lethbridge site is the yield of first year of wheat at the mentioned rotation. There are three nutrient regimes in Breton, and the NPKS is refereed in this study as balanced
fertilization. Treatment means with different letters differ, P < 0.05.

in the low-quality residue treatment and bacteria dominating in the
high-quality residue treatment.

4.1.2. Long-term inorganic balanced fertilization leads to enhanced soil
structure

Manure amendments increase the number and diversity of microbes
while also adding carbon and nitrogen, resulting in increased soil fer-
tility compared to inorganic fertilization (Chakraborty et al., 2011;
Sradnick et al., 2013). SOC, STN, and MBC were much higher in ma-
nured soils compared to soils receiving balanced rates of inorganic N, P,
K, and S nutrient inputs (Table 1B).

Inorganic fertilization can also facilitate the addition of crop nutrient
requirements and the long-term accretion of organic residues and or-
ganic matter in the soils through enhanced biomass production and root
growth (Hati et al., 2008). Improved fractal aggregation and structural
quality (i.e., lower Dm value and higher S-index) in soils receiving bal-
anced fertilization compared to manured fields indicates that the former
can develop hierarchical aggregation leading to an overall, enhanced
soil physical quality to greater extent than manure additions. Further-
more, PAW was 7% higher in soils where long-term balanced fertiliza-
tion has been applied, which also reflects a better soil structure and pore
connectivity (Table 1A). This implies an enhanced capacity of the soil to
intake, maintain and move available water within the topsoil during the
growing season. Considering the fact that water is one of the most cru-
cial limiting factor impacting crop yields (Kiani et al., 2016), the higher
crop productivity in our balanced fertilized fields points out that water
availability may be a key factor driving crop productivity under this nu-
trient management.

Soils are known to integrate multiple attributes and functions
(O’Sullivan et al., 2015). Different land management can affect distinct
specific functions of the soil. Both balanced fertilization and manure ad-
ditions contributed to improving certain specific soil functions better
than the control soils; cattle manure had an even stronger effect on en-
hancing nutrient cycling as indicated by increased SOC, STN, and MBC.
Balanced fertilization influenced beneficially the pore water relation-
ships and physical conditions of the soil as shown by a lower Dm value
as well as higher S-index and PAW (Tables 1A, 1B, 2A, and 2B; Fig. 2).
Our study extends the existing literature by documenting these clear but
divergent responses in soil structure across contrasting nutrient sources.

4.2. Fractal aggregation, S-index, MBC, SOC, and PAW showed clear
sensitivity to management

Indicators of soil quality can inform how well goals related to soil
functions are being achieved. Soil quality depends on the interactions
of physical, chemical and biological characteristics and a proper assess-
ment of soil quality requires measurement of a high number of para-
meters (Marzaioli et al., 2010). Specialists have agreed to search for a
minimum data set to reduce the cost of soil quality assessment (Liu et
al., 2014). Overall, our findings indicate soil indicators including SOC,
MBC, S-index, and fractal aggregation are dynamic and effective to con-
trasting land managements and are consistent with other studies (de
Paul Obade and Lal, 2014; Gülser, 2006).

Examination of aggregate size distribution gives essential informa-
tion for assessing the formation and development of soil aggregation
and structure (Gülser, 2006; Hebb et al., 2017). In our study, even
with modest magnitude of differences, mass-volume fractal dimension
of aggregates had the ability to consistently detect differences among
treatments. Soils under the complex long rotations exhibited signifi-
cantly fractal aggregation (Dm < 1) while the simple rotation was not
(Fig. 1). Comparable to Hebb et al. (2017) who assessed cropland, pas-
tures and grasslands systems in the Canadian Prairies, our Dm results
also revealed that soil hierarchical aggregation peaked under the peren-
nial legume and grass phases, followed by wheat crops. No hierarchi-
cal aggregation was found under fallow phases. Additionally, the sig-
nificant inverse correlation between Dm values and macroporosity (i.e.,
>100 μm in diam.; Table 6) indicates better soil physical quality when
macroaggregates and macroporosity are concurrently abundant in soils.
Likewise, increments in SOC contents due to more diverse and longer
rotations in our study were clearly associated with a marked increase
in the proportion of large aggregates exhibiting favorable reduced den-
sities. A significant inverse correlation between the Dm value and SOC
content further substantiates this mechanistic linkage (Table 6). Our
study is one of the few evaluating the effectiveness of fractal aggrega-
tion model for detecting soil quality changes as a function of contrasting
crop rotation systems and nutrient management options.

Focusing on our nutrient regime comparison, fractal aggregation ap-
proach effectively detected that balanced fertilization was the only nu-
trient regime exhibiting significant fractal aggregation (Fig. 2). Aggre-
gation of particles into larger units such as peds or aggregates has ma-
jor impacts on soil transport processes. The significant inverse rela-
tionship between Dm value versus sat. K, macropore volume, and sat.
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WC corroborates the ability of fractal aggregation approach to detect
and inform water filtering, movement and storage capacity functions in
the soil. These results show that fractal aggregation is a robust method
to assess the structure and quality of the soil as affected by land man-
agements.

The soil physical parameter S is an index to assess soil structural
quality (e.g., pore size distribution, compaction, PAW) (Dexter, 2004;
Naderi-Boldaji and Keller, 2016). An S-index value of 0.035 is consid-
ered as a threshold separating soils of favorable structure (>0.035)
from those with relatively deficient structure (<0.035), and soils with
much lower S-index (<0.02) are considered to have very degraded
structure (Dexter, 2004). The increase in S-index associated with com-
plex rotations further supports the clear sensitivity and utility of this in-
tegrated metric of soil physical quality. Moreover, S-index was signifi-
cantly different between manure vs. balance fertilization while other in-
dicators linked to water relationships and functions in the soil could not
clearly detect differences between these two nutrient managements. The
multiple significant inverse correlations of S-index with Dm value, BD,
and PWP as well as direct correlations of S-index with Ks and SOC con-
sistently show that the S-index can be a meaningful, suitable indicator
for soil structural and water movement assessment in our fine-textured
soils. Moreover, S-index was one of the few indicators that had signifi-
cant correlation with MBC which reveals new insights about the capa-
bility of S-index to capture multiple soil functions. Similar to our study,
Reynolds et al. (2009) had previously reported good agreement between
S-index and their physical quality results for rigid to moderately expan-
sive loamy soils.

The structural and functional relationships of soil microbial commu-
nities have been considered as one of the most sensitive indicators of
changes in SQ (Stenberg, 1999). The 1.3-fold increase in MBC in the
complex versus simple rotations, and also in the manure soils further
supports the clear sensitivity and usefulness of this integrated SQ metric.
The MBC also correlated well with other soil attributes such as S-index,
Ks, medium pore volume, and C:N ratio. It is noteworthy that forest soil
exhibited improved soil S-index compared to croplands, but by contrast,
the MBC declined in natural forest. These findings imply that distinct
soil functions are affected by different land uses in different directions.

Cattle manure had strong effect on improving soil nutrient cycling
function while balanced fertilization beneficially impacted soil physi-
cal conditions. This comparative result across management choices and
key soil functions emphasizes the importance of considering several soil
quality indicators for assessing multiple soil functions. This outcome
also highlights the usefulness of Dm value, S-index, PAW, SOC, STN, and
MBC as an insightful set of soil quality indicators.

It is noteworthy that although the forest soil has the highest SOC
concentration and strong fractal aggregation compared to the cropland
soils, the MBC is the lowest. This result could be in part explained
by the type and microbial suitability of organic carbon substrates is
different from the type of organic carbon which helps the soil struc-
ture improvement. Labile SOC is usually considered to be readily de-
composable components that act as a primary energy source for most
soil microorganisms (Zou et al., 2005). On the other hand, recalci-
trant C such as those produced by arbuscular-mycorrhizal fungi are
known to have a strong participation in soil aggregate formation and
stability (González-Chávez et al., 2010). These notions were supported
when the majority of SOC in forest was mineral associated organic
matter (21.74 g kg−1 soil) rather than labile particulate organic matter
(15.13 g kg−1 soil). This recalcitrant C can contributes to the improve-
ment of soil structure, and consequently, leading to enhanced hierar-
chical fractal aggregation as in our study (Dm < 1). Moreover, fungi
as a distinctive biomarker in our forest soil further supports our inter-
pretation of fungal-facilitated formation of macro-aggregation in forest

soils (Table 5). In addition, protozoa was another biomarker in forest
soil which is a microfauna and it is more directly linked to soil aggre-
gation and porosity than other microbes. Collectively, these results em-
phasize the importance of quantifying both MBC and fractal aggregation
(Dm) as key indicators to reveal and document a comprehensive assess-
ment of soil quality. Future studies can focus on examining the effects
and mechanisms of different types of organic C input and availability
on the various key soil functions including microbial-mediated nutrient
cycling, aggregation formation, and pore water relationships.

5. Conclusion

Long-term implementation of more diverse and extended crop ro-
tations contributed to soil quality by improving soil aggregation, in-
creasing porosity, and accruing soil organic matter, nitrogen and mi-
crobial biomass, which in turn interacted collectively to provide sub-
stantial benefits for plant water availability, soil water conductivity,
and crop productivity. The various crop phases of the assessed rotations
did not cause pronounced differences in terms of most of the measured
soil properties, with the only noticeable exception of fractal aggrega-
tion which revealed clear differences across phases of the crop rotations.
Fallow phases exhibited non-fractal aggregation, while the most fractal
soils were found under the perennial leguminous phases of these rota-
tions. Overall, the inclusion of perennial plants in the crop rotation am-
ply benefited soil structural parameters.

Although long-term nutrient additions contributed in general to im-
proving soil functions compared to the control fields that received no
nutrient additions, cattle manure addition had an even stronger effect
specifically on improving nutrient cycling functions. A balanced fertil-
ization benefited directly water availability and overall soil physical
condition.

A collective assessment of the measured physical and biological
properties of forest and cropland soils can indicate that the distinctive
fungal presence in the forest soils is associated with a well-defined hier-
archical soil aggregation. Moreover, this is contrasting with the notice-
able presence of Gram-negative bacteria as the characteristic biomarker
in cropland soils.

Fractal aggregation (Dm value), S-index, PAW, SOC, and MBC were
identified as a valuable representative subset of robust indicators of soil
quality which are useful for comparing management options that influ-
ence agricultural productivity. It is suggested to explore the applicabil-
ity of these indicators in an even wider range of land managements and
agroecological conditions.
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