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Extracellular soil enzymes play a key role in soil organic matter decomposition and

nutrient cycling. However, it is not fully understood how these enzymes respond to

different land use. Long-term research studies were used to evaluate how diversified

management practices affect extracellular enzymes driving C cycling [phenol oxidases

(PO), peroxidases (PP), α-glucosidase (AG), β-glucosidase (BG), cellobiohydrolase (CB),

β-1,-4-Nacetylglucosaminidase (NAG)], N cycling [leucine aminopeptidase (LAP)], and P

cycling [phosphomonoesterase (PME)]. The soil pH, contents of total organic C, total

N, mehlich-3 P, soil respiration and soil nitrogen supply capacity were also measured.

Different land use included tillage frequency, tillage regimes, mineral N fertilization, crop

rotations and liquid dairy manure. Compared to medium or high tillage frequency, low

tillage frequency increased total organic C and total N and soil respiration as well as

NAG and PME activities, whereas it decreased soil nitrogen supply, mehlich-3 P, and

soil pH, as well as PO, PP, AG, BG, CB, and LAP activities. Non till was associated

with lower PP and PO activities than moldboard plow. Nitrogen fertilization decreased

soil pH and PO activity but increased PME activity. Barley (Hordeum vulgare) in rotation

with forage increased total organic C, total N, soil nitrogen supply and soil respiration

by 31, 21, 44, and 33%, respectively, in comparison with barley in monoculture. The

application of liquid dairy manure increased soil pH, total N and soil nitrogen supply

and soil enzyme activities (AG, BG, NAG) in comparison to the mineral N fertilizer. When

principal component analysis was performed, soil pH, PO, PP, CB, LAP, and PME were

grouped in the first component, which explained the highest variance. This is the core

group controlling the C, N, and P cycling. The activities of C, N, and P acquiring enzymes,

soil nitrogen supply and soil respiration were related to changes in soil total C and N, and

extractable P contents across a broad range of management practices. Increased PO

and PP activities reflect total C decline.
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INTRODUCTION

Soil extracellular enzymes control the soil nutrient cycling (1, 2),
and their activities have been suggested as important determinant
of soil quality (3). Soil quality was defined as “the capacity of a soil
to function, within ecosystem and land use boundaries, to sustain
productivity, maintain environmental quality, and promote plant
and animal health” (4). Soil quality is dynamic and therefore
needs to be monitored over time and appropriate indicators
depends on the objectives of the users (5). Rapid and consistent
means to evaluate soil quality include physical (i.e., aggregation,
available water capacity), chemical (i.e., soil pH and extractable
nutrients), and biological (i.e., active organic matter, potentially
mineralizable N) soil properties (6). Measurement of enzyme
activity and carbon dioxide release reflect soil organic matter
active fractions (5). A soil quality indicator should be universal
and reflect changes under different land use.

Soil enzymes can be used as soil quality indicators and
they reflect soil biology, are operationally practical with high
throughput and low cost, are easy to quantify and they relate
to agricultural management practices (7–9). Changes in soil
management can be observed bymeasuring soil enzyme activities
before changes in other soil quality indicators are noticeable (7).

Soil extracellular enzymes are primarily secreted outside the
cell by soil microorganisms (10) or plant roots (11), and they
can bind to either the cell or soil particles or diffuse freely
in soils (11). Soil extracellular enzymes can be divided in two
broad groups: (i) oxidative enzymes [such as phenol oxidases
(PO), peroxidases (PP)] and (ii) hydrolytic enzymes [such as
α-glucosidase (AG) β-glucosidase (BG), cellobiohydrolase (CB),
β-1,-4-Nacetylglucosaminidase (NAG), leucine aminopeptidase
(LAP) and phosphomonoesterase (PME)]. In soils, these enzymes
are central to the degradation of organic compounds, thereby
playing an important role in C, N, and P cycling (12).

Phenol oxidases (PO) are known to play a key role in the
breakdown of polyphenols compounds in the presence of oxygen,
whereas peroxidases (PP) use hydrogen peroxide (H2O2) (3, 12–
14). The oxidation of polyphenols by these enzymes results in
formation of radicals or quinones when phenolic hydrogen or
hydrogens are removed (15). These radicals become stable by
linking together, while quinones undergo nucleophilic addition
reactions with other aromatic compounds and other compounds
such as amino acids and amino sugars, leading to eventual
production of humic acid-like polymers (15). Enhanced oxidative
enzyme activity under soil management practices associated with
soil organic C loss was reported (16). Oxidative enzymes were
associated with microbial acquisition of N (17), and thus their
activities are generally decreased with increased soil mineral N
supply (18, 19). Phenol oxidases and PP activities were found to
increase with soil pH (3).

The α-glucosidase (AG), β-glucosidase (BG), and
cellobiohydrolase (CB) are enzymes that belong to a group

Abbreviations: AG, α-glucosidase; BG, β-glucosidase; CB, cellobiohydrolase;

LAP, leucine aminopeptidase; NAG, β-1,-4-Nacetylglucosaminidase; PME,

phosphomonoesterase; PO, phenol oxidases; PP, peroxidases; TN, total nitrogen;

TOC, total organic carbon.

of C-cycling enzymes called glycosidases that contribute to
the degradation of cellulose and other α and β-1,4 glucans
(3) to produce sugars, which is the main source of energy to
soil microorganisms (20). The AG catalyzes the hydrolysis of
α-D-glucopyranosides to release α-D glucose, the BG cleaves
glucose from cellobiose (a cellulose dimer), and the CB cleaves
cellobiose from cellulose molecules (3). Glycosidase activities
were positively related to soil pH, and their activities were
found to increase with increased soil organic C (21–23). High
N availability would increase microbial demand for C, inducing
therefore the production of glucosidases (24).

The β-1, 4-N-acetylglucosaminidase (NAG) is another key
glycosidase enzyme involved in the degradation of chitin and
other β-1,4-linked glucosamine polymers to release simple N-
acetyl glucosamine units (25) and is mainly produced by fungi
(26). This hydrolysis is reported to be important in C and
N cycling, because NAG participates in the processes whereby
chitin is converted to amino sugars, a major source of easily
mineralizable C and N in soils (13, 20). The increased NAG
activity was found to increase with fungal population which
contains chitin in their cell walls (27). The activity of NAG
has been positively related to soil organic C and total N. High
inorganic N availability was reported to decrease NAG activity
(28). Soil pH was positively related to NAG activity (21).

Leucine aminopeptidase (LAP) is an exopeptidase, secreted
by microbes, and involved in the hydrolytic release of leucine
from peptides (29), playing therefore an important role in N
cycling. The increased activity of aminopeptidases was associated
to the increase in proteins in soils (30, 31). Protease and peptidase
activities were reported to highly influence the rate of organic N
mineralization (32) as proteinaceous material represents 40% of
total N in soil (31). Decreased LAP activity was reported under
high inorganic N availability (23). The LAP activity was positively
related to soil pH (3).

Phosphomonoesterase (PME) (i.e., acid and alkaline
phosphatases) is the most active soil phosphatase (33).
Phosphomonoesterase hydrolyzes phosphomonoesters and,
in some cases, phosphodiesters to release assimilable phosphates
for microbes and plants (3) playing an important role in
organic P cycling (20). The production of PME by plant
roots and microorganisms increases when P is limiting (26).
Phosphatases are significantly affected by soil pH, which also
controls phosphorus availability in soil (20). Acid phosphatases
were negatively related to soil pH while alkaline phosphatases
were positively related to soil pH (22). Also variations in PME
activity were linked to soil organic C (13). Increased phosphatase
activities under high inorganic N availability (28, 34) were
reported. The relationships between substrates and/or end
products and extracellular enzyme activities are complex and are
not fully understood and may vary depending on the enzyme.

The production of hydrolytic enzymes related to C, N and P
cycles (i.e., glycosidases, proteases, phosphatases) is induced by
the presence of their substrates (26), and high enzyme activity
can indicate nutrient limitation (26). However, the presence of
intermediate and end-products of hydrolysis may repress enzyme
activity (26), leading mostly to a negative relationship between
nutrient concentrations and enzyme synthesis. Besides, there is

Frontiers in Soil Science | www.frontiersin.org 2 June 2022 | Volume 2 | Article 814554

https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/soil-science#articles


Uwituze et al. Nutrients and Soil Enzyme Responses to Land Use

another hypothesis that when labile carbohydrates molecules
are abundant, the decomposition of more recalcitrant organic
compounds is inhibited (35, 36). In fact, enzyme production by
soil microbes represent a high cost for nutrients and energy, that
can be otherwise used for their growth and metabolism (37).
However, that expense is only justified when available nutrients
are scarce (38), and consequently, soil microbes will release
enzymes to mineralize complex components (37). The above
explains the “economic theory of microbial metabolism.” To
better manage soil nutrient management, we need to improve our
understanding of how enzymes respond to different agricultural
management practices.

Improving and maintaining soil quality are key drivers
to sustain crop yields and environmental quality (39). Soil
quality can be improved through diverse management practices
including reducing tillage frequency, growing cover crops, crop
rotations and organic and inorganic amendments. There is a
growing interest in identifying sensitive indicators of the soils’
physical-, chemical- and biological properties (40). Soil enzymes
were reported to bemore sensitive to respond to changes induced
by land use than other soil quality indicators (7). Nevertheless,
contradicting information exist in the literature on how the
enzyme activities respond to land use. For instance, tillage effect
was reported to increase biochemical soil activity due to increased
surface area by breaking macroaggregates (41, 42) while others
reported decreased enzyme activities due to a decreased organic
matter content (43, 44). In addition, mineral and organic
fertilizer input was associated with increased biochemical soil
activity (45, 46) whereas other reported decreased activity (47,
48). While readily available inorganic nutrients may inhibit
enzyme synthesis (49), it may also stimulate it through enhanced
plant growth and increased enzymes released by roots (50).
It is therefore of paramount importance to increase our
understanding on the potential of extracellular enzyme activities
to respond to a broad range of soil management practices.

Using long-term experimental sites (>20 years), the objectives
of this study were to assess the effects of tillage frequency
levels, tillage regimes, mineral and organic N fertilization and
crop rotation on the potential activity of eight soil extracellular
enzymes involved in C cycling (PO, PP, AG, BG, CB, NAG), N
cycling (LAP), and P cycling (PME). Total organic C and N,
extractible P, soil pH, soil N supply capacity (SNS, the initial
nitrate levels plus nitrate released after an incubation of 2 weeks)
and soil respiration (CO2 released after 24 h of incubation) were
also measured, and their relationship with extracellular enzymes
were assessed. The CO2 released following rewetted soil was
reported to derive from microbial respiration and the remainder
was a consequence of enzyme activity (51) and thus it reflects
metabolic microbial activity, whereas the SNS was reported to
be a promising N availability index to reflect the mineralizable N
pools over a growing season under temperate soils with cold soil
in spring (52). The intent is not to compare measured parameters
across the experiments as it is expected to have a high range of
values given the differences in management practices, cropping
histories and soil types but rather to analyze data separately
per each experiment in order to better understand nutrients
(C, N, P) and enzyme responses to different land use and how

they are linked to soil pH, CO2 and SNS. We hypothesized
that: (i) oxidative activities of C related enzymes (PO, PP) will
be enhanced under land use associated with TOC decline, and
with addition of mineral N; (ii) hydrolytic activities of C related
enzymes (AG, BG, CB) will be higher under land use that will
enhance TOC; (iii) land use that will enhance TOC and TN
are expected to enhance bacterial and fungal activities and will
enhance NAG activity; (iv) LAP activity will be increased under
land use favoring TN increase; (v) PME activity will be enhanced
under land use associated with low extractible mehlich-3 P.

MATERIALS AND METHODS

Description of Experimental Sites and
Treatments
Different Tillage Frequency Levels at Field Scale in

Prince Edward Island (PEI), Canada
The PEI soil quality monitoring project (SQM) was initiated in
1998 by the PEI Department of Agriculture and Land to identify
the trends in nutrients using georeferenced points across the
province. Sampling protocol is described in detail by Nyiraneza
et al. (53). Briefly, under the SQM project, a total of 232
agricultural-land sampling locations were selected based on 4
× 4 km National Forestry Inventory (NFI) grid (54). Based
on archived information on the cropping history, a total of
60 sites (i.e., 30 sites in 2018 and 30 sites in 2019) having
different tillage frequency levels were selected for this study
(Supplementary Figures 1A,B): low tillage frequency (forests
and continuous grasslands), medium (4 yrs of cereal rotations)
and high (3 yrs of potato rotation system with potatoes being
grown once every 3 yrs). Each year, 10 sites in low-, medium,
and high tillage frequency were selected for a total of 30 sites
per year, implying that each tillage frequency level is replicated 10
times per each year. Five sampling points were chosen at each site,
located at the intersecting point on the grid and 20m at the north,
south, east and west of the intersecting point. In addition, the
crops grown were recorded since 1998, and thus it was possible
to identify differences in soil tillage frequency across sites.

Tillage Regimes, N and P Fertilizers Application at

L’Acadie Experimental Site
This experimental site was established in 1992 at the L’Acadie
Experimental Farm of Agriculture and Agri-Food Canada,
located in the province of Quebec, Canada (45◦18 ′N, 73◦21
′W), on clay loam soil (Orthic Humic Gleysol; 364 g clay, 432 g
silt, 204 g sand kg−1 dry soil) under a corn–soybean rotation.
The experimental layout was a split-plot design with two tillage
practices (conventional vs. no-till) as the main plots and nine
fertilizer combinations (0, 80 and 160 kg N ha−1 in a factorial
with 0, 17.5 and 35 kg P ha−1) randomized as sub-plots, all
replicated in four randomized blocks for a total of 72 plots.
The 160 kg N ha−1 and 35 kg P ha−1 corresponded to the local
recommendations for grain corn. All details were reported by
Ziadi et al. (55). For the purpose of this study, we used only
two N application rates (0 and 160 kg N ha−1) as the sub-plots,
for a total of 16 experimental units (2N application rates × 2
tillage regimes × 4 replications = 16). The conventional tillage
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treatments consisted of mouldboard plow at 20 cm depth after
harvest in the fall, followed by disking and harrowing to 10 cm
each spring before seeding. For the no-till treatments, the plots
were ridge-tilled from 1992 to 1997 and no-tilled since 1998. For
all the treatments, crop residues were left on the ground after
harvest. Mineral fertilizers were applied only to the corn phase
of the rotation, except in spring 2020 due to Covid-19 pandemic.
Nitrogen was band-applied as urea at seeding rates of 0 and 40 kg
N ha−1, and side-dressed as ammonium nitrate at 0 and 120 kg N
ha−1 at the eight-leaf stage. All plots received the same amount
of P (35 kg P ha−1) as triple superphosphate at planting.

Crop Rotation, Mineral and Organic Fertilization at

Normandin Research Farm
This experimental site was established in the fall of 1989 in
the Lac St-Jean region of Quebec, Canada, on a silty clay soil
as a fixed-rotation experiment at the Agriculture and Agri-
Food Canada research farm in Normandin (48◦ 50′ N, 72◦

33′ W). The experimental design was a factorial split-split plot
with four replications with crop rotation as the main plots
(barley monoculture vs. underseeded barley with 2-years forage
production), tillage practices as the sub-plots (conventional vs.
minimum tillage), and nutrient source as sub-sub-plots (mineral
vs. organic fertilizers) for a total of 64 plots. All details were
reported by Lafond et al. (56). For the purpose of this study we
considered only two crop rotation systems (barley monoculture
vs. underseeded barley with 2 yrs forage production) and two
nutrient sources (mineral vs. organic fertilizers) under the
minimum tillage regime for a total of 16 experimental units
(2 rotational crops × 2 nutrient sources × 4 replications =

16). The crop rotation types consisted of a continuous spring
barley (“Chapais”) monoculture and a 3 yr barley–forage rotation
and were established in the spring of 1990. The barley rotation
consisted of 1 yr of spring barley underseeded with a mixture
of perennial forages, followed by 2 yr of forage production. The
forage crops were timothy (Phleum pratense L. “Champ”) and
red clover (Trifolium pratense L. “Prosper”) from 1990 to 1999,
and thereafter timothy was replaced by orchardgrass (Dactylis
glomerata L. “Okay”). Barley was managed as a grain crop.
All selected plots were under chisel plow to a depth of 15 cm
after harvest in the fall. Mineral fertilizers were broadcasted and
incorporated immediately before barley seeding. The mineral
fertilizer treatment on the barley plots provided 70 kg N ha−1

as NH4NO3, 40 kg P2O5 ha−1 as triple superphosphate, and
70 kg K2O ha−1 as KCl. The forage plots under mineral fertilizer
received, on average, 74 kg total N ha−1yr−1 for the first
application and 46 kg total N ha−1yr−1 for the second after
the first cut of hay as NH4NO3, 40 kg P2O5 ha−1as triple
superphosphate, and 140 kg K2O ha−1 as KCl. Liquid dairy
manure, as organic fertilizer, was surface-applied and provided
different amounts of macro nutrients. The amount of nutrients
applied from liquid dairy manure are illustrated in Table 1.

Soil Properties Analyses and Extracellular Enzyme

Assays
Soil samples were collected in May 2018 and 2019 at 0–15 cm soil
depth (PEI experimental site), in September 2020 at 0–20 cm soil

depth (Normandin experimental site), and in November 2020 at
0–20 cm soil depth (L’Acadie experimental site). Samples from
each plot represented a composite of four subsamples taken using
a soil probe of 2.0 cm diameter.

Across all experiments, a subset of fresh soil sample was passed
through a 4.75-mm sieve immediately after soil sampling, used
to determine soil moisture content, and analyzed for mineral N
(NO3-N). The second portion of each soil sample was air dried,
sieved through a 4.75-mm sieve and analyzed for soil pH and
mehlich-3 extractable P (M3-P). The third portion of each soil
sample was air dried, ground, sieved through a 500µm sieve
and analyzed for total organic carbon (TOC) and total nitrogen
(TN). The fourth portion of each soil sample was air dried, sieved
through a 4.75-mm sieve, rewetted and analyzed for mineralized
N (flush of NO3-N). A fifth portion of each soil sample was
air dried, sieved through a 2.00-mm sieve and analyzed for soil
respiration (flush of CO2). A fifth set of each soil samples was
frozen at−20◦C until enzyme analyses.

Selected soil basic properties and potential activities of
selected extracellular enzymes were determined on soil samples
from all plots where different land use were implemented. Soil
pH was measured using a 1:1 soil to water ratio (57). Total
C and N were quantified by dry combustion method (58)
using an Elementar analyzer (Vario Max, Elementar Analyzer,
Hanau, Germany). Soil extractable P was determined with
Mehlich-3 extraction solution (59, 60) followed by inductively
coupled plasma optical emission spectroscopy (ICP; VARIAN
820-MS, Varian Inc. Scientific Instruments, Mulgrave, Victoria).
To assess soil N supply (SNS) capacity, the extraction of
mineral N (NO3-N) was performed using 2M KCl (61); and
the N mineralization potential (NO3-N flush) based on 14-
d aerobic incubation of rewetted dried soil at 25◦C was
measured, as described by Sharifi et al. (62). Both soil filtrates
and leachates were analyzed for concentrations of NO3-N
colorimetrically using flow injection analysis on a Latchat
QuickChem 8500 (Latchat Instruments, Loveland, CO). The
SNS was then estimated as initial extracted NO3-N plus
NO3-N extracted following a 14-d aerobic incubation. To
determine soil respiration, the extraction of CO2 released
following a 24-h incubation by rewetting dried soil (CO2

flush) was performed using the capillary method described
by Haney and Haney (63). Carbon dioxide was analyzed
using a Li-COR gas analyzer (Li-Cor-Li-830-850, Li-COR
Biosciences, Lincoln, Nebraska, US) and expressed as µg CO2-C
g soil−1 day−1.

We assayed the activities of two oxidase enzymes (PO and
PP) following the protocol described by the Center for Dead
Plant Studies (2000) with minor modifications. Briefly, soil
suspensions were prepared by thoroughly mixing 1.0 g of soil
in 50mL of 50 mmol L−1 sodium acetate buffer solution (pH
5.0). The activities of PO and PP were measured by combining
200 µL of soil suspension with 50 µL of substrate solution (25
mmol L−1 l-3,4-dihydroxyphenylalanine [DOPA, Sigma-Aldrich
Canada] into the transparent 96-well plates. Both negative
controls (200 µL of sodium acetate buffer + 50 µL of DOPA
solution) and blanks (200 µL of soil suspension + 50 µL
of 50 mmol L−1 sodium acetate buffer) were added in each
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TABLE 1 | Mean, minimum, and maximum amount of nutrients applied from liquid dairy manure at Normandin site.

Phase 1 (1990–1999) Phase 2 (2000–2020)

Mean Minimum Maximum Mean Minimum Maximum

(kg total ha−1 yr−1)

Barley

N 87 72 121 116 75 153

P 20 14 28 16 10 20

K 94 63 137 131 84 172

Forage

N 108 73 180 197 120 285

P 26 14 44 27 16 44

K 120 63 225 220 148 3215

TABLE 2 | Extracellular enzymes assayed in soil collected from three different study sites, their enzyme code (EC), abbreviations used in this study and corresponding

substrates.

Enzymes EC † Abbreviations Substrates

α-glucosidase EC 3.2.1.20 AG 4-MUB α-D glucopyranoside

β-glucosidase EC 3.2.1.21 BG 4-MUB β-D glucopyranoside

Cellobiohydrolase EC 3.2.1.91 CB 4-MUB β-D cellobioside

N-acetyl – β- glycosaminidase EC 3.2.1.52 NAG 4-MUB N-acetyl-β-D glucopyranoside

Leucine aminopeptidase EC 3.4.11.1 LAP L-Leucine-7-amido-4MUC hydrochloride

Phosphomonoesterase EC 3.1.3.1 PME 4-MUB phosphate

Phenol oxidase EC 1.10.3.2 PO L-3,4-DOPA

Peroxidase EC 1.11.1.7 PP L-3,4-DOPA and H2O2

†
EC, enzyme code; defined by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB).

microplate. For the PP plates, all wells (including the control
wells) also received 10 µL of 0.3% H2O2. The contents of the
microplates were incubated at 25◦C for 20 h. After incubation,
the absorbance was then immediately read using a microplate
spectrophotometer reader at 460-nm. Enzyme activities were
calculated and expressed asmicromoles per hour per gram (µmol
h−1 g−1) as described in the protocol by The Center for Dead
Plant Studies (2000). Certain studies normalized PO and PP
activities per TOC (64, 65) contents and others expressed PO
and PP activities per g of soils (2, 16, 64–66). We did not
normalize the latter enzymes activities per TOC to be consistent
with other hydrolase enzyme activities in this study. Detailed
information on enzyme analyses and their substrates are found
in Table 2.

We also assayed the activities of six hydrolase enzymes (AG,
BG, CB, NAG, LAP, and PME) according to the fluorometric
microplate protocol by Bell et al. (67). Briefly, soil slurries of
each soil sample were prepared by homogenizing 2.75 g of field
moist soil and 91mL of 50mM sodium acetate buffer solution
(pH 5.7) into a 100-mL glass beaker by a stir plate at 350 rpm.
A quantity of 800 uL of homogenous soil slurry was added into
corresponding wells of MUB (4- MUB: 4 – Methylumbelliferyl)
and MUC (4- MUC: 4-Methylcoumarin) standard (i.e., MUB
for AG, BG, CB, NAG, PME, and MUC for LAP) and
sample plates using an 8-channel pipette. The MUB and MUC
sample plates were then inoculated with 200 µL of 200µM
MUB—glucopyranoside L-1, 200 µM—MUB glucopyranoside

L-1, 200 µM-MUB cellobioside L-1, 200 µM- MUB N-acetyl-β-
D glucopyranoside L-1, 200 µM—MUC hydrochloride, and 200
µM- MUB phosphate that were assumed non-limiting (Table 1).
The MUB and MUC standard plates were also prepared by
combining 800 µL of soil slurry with 200 µL of MUB or MUC
standard solution, respectively, at increasing concentrations (0,
2.5, 5, 10, 25, 50, and 100 µmol L−1). Each assay microplate
also contained two columns of blanks (one column of soil
homogenate blanks and one column of acetate buffer blanks)
for measuring background fluorescence in the substrate. All
plates were then sealed and incubated in the absence of light
at 25◦C for 1.5 h, except for LAP, which was incubated at
4◦C for 24 h. After the incubation period, the plates were
centrifuged for 3min at 2,900 rpm; 250 µL from each well
of the MUB standard and sample plates and that of MUC
standard and sample plates were transferred into corresponding
wells of a black flat-bottomed 96-well plate in order to be
read. Fluorescence intensity was measured on a microplate
reader (Synergy HTX, BioTek Instruments, Inc., Winooski,
VT) with 360/40 nm excitation and 460/40 nm emission (center
wavelength/bandpass) filters following the instructions from
the BioTek R© Synergy HTX Multi-Mode Reader (67). From
these fluorescence values, we calculated enzyme activity as the
rate of substrate converted in nmol activity h−1 g dry soil−1

(nmol h−1g−1). Detailed information on AG, BG, CB, NAG,
LAP, and PME enzymes and their substrates are found in
Table 2.
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Statistical Analysis
To analyze the effect of main factors on selected soil properties
and extracellular soil enzyme activities, we used the MIXED
procedure of SAS (SAS version 13.2, SAS Institute, North
Carolina, 2014) by considering tillage frequency levels, tillage
practice types, N fertilization, crop rotation types and N
fertilization sources as fixed effects, and blocks or replicates as
random effects (68). At the Acadie site, the experimental design
was treated as a split- plot design with the main effects being
tillage regimes and the sub-plot being mineral N fertilization
regimes replicated four times. At the Normandin site, data
was analyzed based on a split-plot design with the main plot
being crop rotations and the sub-plot being N sources replicated
four times. For the study on tillage frequency levels in PEI,
statistical analyses were performed considering a completely
randomized design with three treatments (low, medium, high)
with 10 replicates in 2018 and 2019. Undisturbed sites (forests
and continuous grasslands) were used as replicates and so
were sites under a 4 year cereal rotation (medium tillage
frequency) and sites with a 3 year potato rotation (high tillage
frequency). PEI is entirely underlain by a terrestrial sandstone
formation with soil derived from glacial till being mainly sandy
and well-drained (69) (Supplementary Table 1). Based on the
scatter plots using row data for TOC, TN, soil pH, and M3-P
(Supplementary Figures 2A,B), and considering that PEI soils
are relatively uniform being dominated by Podzolic soil order
(Supplementary Figure 1C), we assume that the differences
among these sites are more attributed to the tillage frequency
than geological differences. All data were tested for normality
using the PROC UNIVARIATE of SAS before ANOVA (68). Any
variables that were not normally distributed were transformed
to meet the assumptions of ANOVA. The DIFF option of SAS
was used for treatment means comparisons when the main
treatment effect was significant at the probability level of 0.05.
Pearson’s correlation coefficients between soil properties and
extracellular enzyme activities were calculated using the CORR
procedure of SAS (68). A principal component analysis (PCA)
was performed using correlations of Euclidian distances and data
were standardized prior to PCA analysis. All statistical analyses
were performed separately per each experimental design. In
addition overall means from all experiments were used to analyze
correlation among soil enzyme activity and soil properties and
to perform PCA. A flow chart summarizing data processing is
reported in Supplementary Figure 3.

RESULTS

Effect of Tillage Frequency on Soil
Properties and Extracellular Enzymes
Activities
Tillage frequency had significant effects on soil pH, TOC, TN,
M3-P, SNS, and CO2 (Tables 3, 4). Organic acids released by root
exudates in low tillage frequency sites contributed to decrease
soil pH. Conversely, liming at medium and high tillage frequency
sites contributed to increase soil pH. T
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The TOC values were significantly lower in medium- and
high- tillage frequency sites than low tillage frequency sites in
both 2018 and 2019 (Tables 3, 4). Total N content was highest
in low- tillage frequency sites (0.21%), followed by medium-
(0.18%) and high- (0.15%) tillage frequency in 2018. However, no
significant difference was observed in 2019. The concentration
of M3-P was significantly higher in medium- and high tillage
frequency sites compared to low tillage frequency sites in both
sampling years (Tables 3, 4). Soil nitrogen supply estimated as
initial NO3-N plus that released after a 14-d incubation of a
rewetted soil was higher in medium- and high tillage frequency
sites than low tillage frequency sites in 2018, but no significant
difference was observed in 2019. Soil respiration estimated as
CO2 released after a 24-h incubation on a rewetted soil was higher
in low- tillage frequency sites than medium- and high tillage
frequency sites in both sampling years (Tables 3, 4).

The activities of oxidative (PO, PP) and hydrolytic (AG, BG,
CB, NAG) enzymes related to C cycling were significantly affected
by tillage frequency, with some exceptions (Tables 3, 4). The PO
activity was comparable between tillage frequency levels in both
2018 and 2019. The activity of PP in medium-and high-tillage
frequency sites was comparable but higher than that of low-tillage
frequency sites in 2018, while in 2019, the PP activity was higher
under high tillage frequency than under medium and low tillage
frequency sites (Tables 3, 4).

The activity of AG was comparable between tillage frequency
levels in 2018, whereas, in 2019, the AG activity was significantly
higher in high- tillage frequency sites than in medium tillage
frequency sites. The activity of BG was comparable between
tillage frequency levels in 2018, whereas BG activity was highest
in medium tillage frequency sites in 2019, followed by high
frequency and low frequency sites. There was no statistically
significant difference between tillage frequency levels for CB
activity in both 2018 and 2019. The activity of NAG was
significantly higher in low tillage frequency sites in 2018, followed
bymedium tillage frequency and high tillage frequency. However,
in 2019, NAG showed high activity in low- tillage frequency
sites, followed by high frequency and medium frequency sites
(Tables 3, 4).

The activity of extracellular enzyme related to N cycling (LAP)
was comparable between medium- and high- tillage frequency
sites but higher than that of low tillage frequency sites in
2018, while in 2019, the LAP activity was highest in medium-
tillage frequency sites, followed by low frequency and then high
frequency sites (Tables 3, 4).

The activities of extracellular enzymes involved in the P
cycling (PME) were higher in low- tillage frequency sites than
medium- and high tillage frequency sites in 2018, whereas, in
2019, PME activities were comparable between tillage frequency
levels (Tables 3, 4).

Effect of Tillage Regimes and Mineral N
Fertilization on Soil Properties and
Extracellular Enzymes Activities
The effect of tillage regimes was not statistically significant on
soil pH, whereas N fertilization significantly influenced soil pH,
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with average values of 6.28 at the rate of 160N kg ha−1 and
6.71 at zero N fertilization, corresponding to a decrease of 0.43
units (Table 5). Ammonium-based N fertilizer contributed to
decrease soil pH. For the remaining measured soil properties
(TOC, TN, M3-P, SNS, soil respiration) there were no statistically
significant differences between tillage regimes and N fertilization
rate (Table 5). The interaction between tillage systems and N
fertilization was not statistically significant for all measured soil
properties (Table 5).

The activities of PO and PP were not affected by N
fertilization. In contrast, tillage regimes statistically decreased
the PO and PP activities. The PO activity was 49.13 µmol
h−1g−1 under moldboard plow plots and 24.71 µmol h−1g−1

under no-till plots, corresponding to a decrease of 50% in no-
tilled soils (Table 5). The PP activity was 159.43 µmol h−1g−1

under moldboard plow plots and 94.28 µmol h−1g−1 under
no-till plots, corresponding to a decrease of 41% in no-tilled
soils (Table 5). The interaction between tillage systems and N
fertilization was not statistically significant (Table 5).

The activities of both C cycling (AG, BG, CB, NAG)
and N cycling (LAP) hydrolytic enzymes were comparable
between tillage and N fertilization treatments, and there were
no interaction effects between tillage systems and N fertilization
rates for these enzymes (Table 5).

The hydrolytic activity of PME enzyme was not affected by
tillage treatments, while it showed significantly higher activity
under N fertilization treatment in comparison to zero N
application. Activities of PME increased by an average of 23% in
N fertilized soils. The interaction between tillage systems and N
fertilization was not statistically significant (Table 5).

Effect of Rotation and N Fertilizer Sources
on Soil Properties and Extracellular
Enzymes Activities
Rotation treatments did not impact all measured soil properties
(soil pH, TOC, TN, M3-P, SNS, soil respiration) (Table 6).
However, the N fertilizer sources had statistically significant
effects on some soil properties including soil pH, TN and SNS
(Table 6). There were no interaction effects between rotation
types and N fertilizer sources for all measured soil properties
(Table 6). Soil pH values, TN content and SNS were significantly
higher in liquid dairy manure than in mineral N treatment
(Table 6). On average, soil pH value was 6.48 in manure and
6.06 in mineral fertilizer, corresponding to a decrease of 0.42
units in the mineral fertilizer treatment. Total N content was
0.22% in manure and 0.20% in mineral fertilizer, corresponding
to 10% of increase in the liquid dairy manure treatment. Soil
N supply was 51.50 NO3-N mg kg−1 in manure and 40.46
NO3-N mg kg−1 in mineral fertilizer, corresponding to an
average increase of 27% in the liquid dairy manure treatment
(Table 6).

The activities of PO and PP were not affected by crop
rotation and N fertilizer sources (Table 6). The activities
of AG, BG, CB, and NAG were comparable between crop
rotation treatments. However, these enzymes were significantly
affected by N fertilizer sources, except for CB activity. The T
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activities of AG, BG and NAG were significantly higher under
liquid dairy manure treatment compared to mineral fertilizer
treatment. The AG activity was 13.92 nmol h−1 g−1 (manure)
and 9.36 nmol h−1 g−1 (mineral fertilizer), corresponding to
an increase of 48%. The BG activity was 83.27 nmol h−1

g−1 (manure) and 63.30 nmol h−1 g−1 (mineral fertilizer),
corresponding to an increase of 32%. The NAG activity
was 24.90 nmol h−1 g−1 (manure) and 19.17 nmol h−1

g−1 (mineral fertilizer), corresponding to an increase of 30%
(Table 6).

The activity of LAP was not affected by crop rotation, whereas
it was significantly affected by N fertilizer sources. The LAP
activity was 22.20 nmol h−1 g−1 (manure) and 14.66 nmol h−1

g−1 (mineral fertilizer), corresponding to an increase of 51%
(Table 6). The activities of PME were not affected by either crop
rotation and N fertilizer sources (Table 6).

Correlations Between Soil Properties and
Extracellular Enzyme Activities
The Pearson’s correlation coefficient was used to assess the
relationship between soil pH, TOC, TN, M3-P, SNS, and soil
respiration with extracellular enzyme activities. Soil pH was
positively related to PO, PP, CB, and LAP activities, and
negatively related to NAG and PME activities (Table 7). Total N
was positively related to LAP activity, and M3-P was negatively
related to LAP. The SNS was positively related to BG, CB, and
LAP activities. The soil respiration was negatively correlated with
CB activity.

Principal Component Analysis (PCA)
Multivariate analysis was performed by pooling together overall
means from all experiments using 14 parameters including
soil pH, TOC, TN, M3-P, SNS, soil respiration, PO, PP,
AG, BG, CB, NAG, LAP, PME. Three principal components
(PCs) were obtained, which accounted for 83% of the total
variance. Examination of the loading values suggests that
PC1 (36.22% of the total variance) was associated primarily
with pH, CB, LAP, PME, PO, and PP (Table 8). The PC2

(24.86% of the total variance) was associated with SNS, AG,
BG and NAG (Table 8). The PC3 (21.55 % of the total
variance) was associated with TOC, TN, soil respiration and
M3-P (Table 8). A bi-plot (Supplementary Figure 4) showed
positive interrelationships between C, N and P contents as
well as positive interrelationships between hydrolytic enzymes
driving C, N and P cycling. It was also shown positive
interrelationships between oxidative enzymes, whereas, negative
relationships between hydrolytic and oxidative enzymes were
observed.

DISCUSSION

Carbon Cycling Oxidative Extracellular
Enzymes (PO, PP) as Impacted by Land
Use
The observed PO and PP values are within the range of
values reported previously in different studies (2, 12, 64, 66).
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TABLE 7 | Correlation coefficients between extracellular enzyme activities and soil properties using overall means from all study sites.

TOC† TN M3-P CO2 SNS pH

PO 0.09 0.44 −0.49 −0.32 −0.05 0.56*

PP −0.18 0.18 −0.15 −0.47 −0.17 0.58*

AG −0.26 −0.12 0.48 −0.29 0.35 −0.25

BG −0.12 0.29 0.09 −0.27 0.81** 0.43

CB −0.14 0.42 −0.19 −0.54* 0.58* 0.70**

NAG 0.34 0.16 0.16 0.15 −0.01 −0.59**

LAP 0.23 0.58* −0.61* −0.004 0.82*** 0.56*

PME 0.19 −0.22 0.43 0.39 −0.2 −0.89***

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level.

***Significant at the 0.001 probability level.
†
TOC, total organic carbon; TN, total nitrogen; CO2 flush, carbon dioxide released after rewetting air-dried soil and incubating for 24 h; SNS, soil nitrogen supply (extracted NO3-N

plus NO3-N extracted following a 2-week aerobic incubation); M3-P, Mehlich-3 extractable phosphorus; AG, α-glucosidase; BG, β-glucosidase; CB, Cellobiohydrolase; NAG, β-1,4-N-

acetylglucosaminidase; LAP, leucine aminopeptidase; PME, phosphomonoesterases; PO, phenol oxidase; PP, peroxidase. Correlation coefficients in bold are statistically significant at

probability level <0.05.

TABLE 8 | Principal component analysis using overall means from all study sites.

PC 1 PC 2 PC 3

TOC 0.01 0.08 0.96

TN 0.54 0.25 0.69

CO2 −0.39 −0.02 0.68

SNS 0.46 0.72 0.03

pH 0.89 −0.03 −0.29

M3-P −0.54 0.08 −0.79

AG −0.27 0.79 −0.38

BG 0.40 0.84 −0.22

CB 0.76 0.50 −0.24

NAG −0.55 0.65 0.22

LAP 0.73 0.54 0.27

PME −0.84 0.26 0.13

PO 0.76 −0.51 0.08

PP 0.65 −0.51 −0.24

Eigenvalues 5.07 3.48 3.02

Variance proportion 36.22 24.86 21.55

Cumulative variance 36.22 61.02 82.63

Parameters associated with bold values within a column are grouped under the same

principal component.

We hypothesized that oxidative activities of C related enzymes
(PO, PP) will be enhanced under land use associated with
TOC decline, and with addition of mineral N. This hypothesis
was verified. The later enzymes tended to be higher under
medium or high tillage frequency in comparison to low tillage
frequency. This increase of PO and PP activities under high
frequency tilled sites is attributed to the loss of soil organic
matter, specifically labile organic C compounds (12) such as
carbohydrates, since medium- and- high tillage frequency plots
were frequently tilled, while the low-tillage frequency plots
had not been tilled for at least 5 years, some much longer
or never tilled. The decreased TOC and TN concentrations
under medium- and high-tillage frequency likely occurred due to

removal of crop residues through cereal and forage crops harvest
and increased mineralization of TOC through frequent tillage
(70–73). Waldrop et al. (74) also found an increase of PO activity
in pineapple plantations in comparison to native tropical forest
(74). Other studies also found a positive relationship between PO
activity and organic C loss (16).

The same trend with enhanced PO and PP activities was
observed under plots without mineral N addition in comparison
to mineral N application even though the difference was
not statistically significant at 5% probability level. Previous
reports suggested that mineral N fertilizer supply stimulates the
mineralization of easily decomposable organic C compounds
such as carbohydrates and preserves the decomposition of
recalcitrant phenolic compounds (65, 74, 75), repressing
therefore PO and PP activities (16, 34, 64). Nitrogen fertilization
is known to increase TOC and soil N supply, and in this study
TOC content and soil N supply capacity tended to be higher in
N fertilized soils compared to zero N plots, justifying therefore
the low oxidative activity following N addition compared to zero
N application. Study by Gallo et al. (64) in northern temperate
forest soils showed decreased PO activity by 33 to 73% and PP
activity by 5 to 41% after N addition (30 and 80 kg ha−1 yr−1).
Increased activities of PO and PP under conventional tilled soils
in comparison to no-tilled soils are mostly linked to the loss of
soil organic matter (12).

Increased oxidative enzyme activities was observed with
barley in monoculture in comparison to barley rotated with
the forage legumes. Oxidative enzymes that mineralize C from
recalcitrant phenolic compounds are expected to be lower under
barley rotation, suggesting the inhibition of recalcitrant phenolic
compounds decomposition when abundant labile C compounds
are present (35, 36) as predicted by the economic theory of
microbial metabolism. The low oxidative activity under barley

rotation with legumes is explained by higher TOC content

compared to barley in monoculture. Barley in rotation increased

TOC by 31% and TN by 21%. Activities of PO and PP were

21 and 17%, respectively, lower under barley in the rotation in
comparison with barley in monoculture.
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When soil management practices are accompanied with TOC

decline and thus low active carbon, the oxidative enzymes
which degrade phenolic compounds are increased to satisfy soil
microbe energy requirement. Mineral N fertilization contributes
to inhibiting oxidative enzyme activities because it may stimulate
the soil microbial activity and thus the production of labile
organic compounds.

Carbon Cycling Hydrolytic Extracellular
Enzymes (AG, BG, CB, NAG) as Impacted
by Land Use
Our second hypothesis stated that hydrolytic activities of C
related enzymes (AG, BG, CB) will be higher under land
use that will enhance TOC was partially verified. Activities
of AG, BG and CB were lower under low tillage frequency
even if this was associated with higher TOC than medium and
high tillage frequency. The presence of intermediate and end-
products of hydrolytic reactions catalyzed by these enzymes may
have repressed their activities under low tillage frequency sites.
However, BG activity was increased under barley in the rotation
compared to barley in monoculture.

Liquid dairy manure application increased AG and BG
activities which could be attributed to manure-induced changes
to soil chemical and physical properties, including increased soil
pH and macro-and micronutrient supplies and/or the microbial
(76) and enzymes load in manure. Also compared to mineral
fertilizers, organic manure was reported to improve TOC content
and organic matter status, which in turn could be revealed in
higher hydrolytic activity related to C and N cycling (175, 175).
This result is supported by greater TOC and TN concentrations
in manured than mineral fertilized soils.

The third hypothesis was verified and stated that agricultural
practices that will enhance TOC and TN are expected to
enhance bacterial and fungal activities and will enhance
NAG activity. The activity of NAG was higher under the
low tillage frequency sites in comparison to medium and
high tillage frequency sites, and under plots that received
liquid dairy manure compared to mineral fertilized plots. The
presence of substrates (chitin from fungi cell walls) induced
the production of NAG. Previous studies also found higher
NAG activity in low tillage frequency sites than medium- and
high-tillage frequency soils (20, 77). In contrast, the lower
NAG activity in medium- and high-tillage frequency sites
could be explained by N fertilizer application under intensive
cropping systems (26). Increased soil microbial activity under
low-tillage frequency sites could be justified by increased
concentration of CO2 flush/soil respiration. Franzluebbers
et al. (78) and Franzluebbers and Arshad (79) reported a
close relationship between flush of CO2 and cumulative C
mineralization, potentially mineralizable C and N, and soil
microbial biomass C.

Nitrogen Cycling Extracellular Enzyme
(LAP) as Impacted by Land Use
We hypothesized that LAP activity will be increased under land
use favoring TN increase. This hypothesis was partially verified.

LAP activity was lower in low-tillage frequency sites compared
with medium- and high-tillage frequency sites. Given that the
TN was higher in the low tillage frequency sites than in the
high frequency ones, and that proteins can account for 40%
of total nitrogen (31), we would expected that proteinaceous
compounds are at greater amount under low-sites than high
tillage frequency sites. Therefore, LAP could have been inhibited
by the presence of proteins or by abundance of end-products
(amino acids) in the low tillage frequency sites. In addition,
the LAP activity could have been inhibited under low soil pH
(5.42) in low tillage frequency sites as it was reported that
the optima soil pH for proteolytic enzymes range from 7 to
9 (3). Soil N supply was higher in medium- and high-tillage
frequency sites than low-tillage frequency sites suggesting that
N was limiting in the former system. Increased soil N supply in
intensive cropping systems was more likely caused by mineral N
fertilizer addition.

Liquid dairy manure significantly increased LAP activity
than mineral N along with TN content. Application of liquid
dairy manure can increase soil organic N content, including
proteins, peptides, amino acids and urea, which will change
the concentration of the substrate as well as the relative ratio
of organic N to inorganic N (80). This finding is supported
by higher TN content in manured soils compared to mineral
fertilized plots. Our results corroborate the findings of other
studies, which showed increased LAP activity following manure
application (2, 81).

Phosphorus Cycling Extracellular Enzyme
(PME) as Impacted by Land Use
The hypothesis that stated that PME activity will be enhanced
under land use associated with low M3-P was verified. PME
activity showed higher values in low-tillage frequency sites
than in medium-and high-tillage frequency sites. This result
is supported by low concentration of mehlich-3 extractable
P in low tillage frequency sites. Application of inorganic P
can inhibit phosphatase activities in soil by repressing the
synthesis of phosphatase (28, 82, 83), and thus P was limiting
in low tillage frequency sites. In addition, abundance of root
biomass as well as different plant species found in low- tillage
frequency sites (forests and continuous grasslands) may also
have influenced PME activity as PME is also secreted by
plants (83, 84). Previous studies showed higher PME activities
under low-tillage frequency compared to high-tillage frequency
systems (9, 85, 86).

Nitrogen fertilization at a rate of 160 kg N ha−1 increased
significantly PME activity by 23% in comparison to zero
N addition. This result supports the hypothesis that N
fertilization would increase the activity of extracellular
enzymes associated with P cycling. Sufficient N supply
appears to sustain soil microbial communities to produce
more extracellular enzymes associated with hydrolytic
P acquisition (28, 34). Mehlich-3 extractable P tended
to be lower under N fertilized plots compared to the
control, confirming high PME when available P is scarce.
Under phosphorus-deficient conditions, there is secretion
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of acid phosphatase by plant roots (87) and this may
also contributed to increased PME activity under N
fertilized plots.

Correlation Between Extracellular
Enzymes Activities and Soil Properties
A positive relationship between TN and LAP activity was
observed implying that LAP is stimulated by the presence of
the substrate. In addition, a positive relationship between SNS
and BG and CB activities was also observed, suggesting the
importance of inorganic nitrogen availability in stimulating
the production of these enzymes for cellulose degradation, as
reported in previous studies (14, 34).

Soil pHwas positively related to PO, PP and CB and negatively
related to NAG and PME. Positive relationships between soil pH
and PO, PP, and CB implies that the activities of these enzyme
are enhanced with liming whereas the activity of NAG and PME
is enhanced under acidic to sub-acidic conditions. The soil pH
in this study ranged from 5.37 to 6.71 and we could assume
that acidic PME was predominant than alkaline PME which is
encountered under alkaline soils. A study by Acosta-Martínez

and Tabatabai (22) reported positive correlations between soil
pH and enzymes involved in C, N, and S cycling but a
negative relationship between soil pH and acid phosphatase.
The optimum soil pH for acidic phosphomonoesterase and
NAG was reported to be between pH 4.0 and pH 5.0 (33).
A negative relationship between soil pH and PME confirms
severe P limitations for plants and soil microbes in acidic
soils, resulting in increased production of PME by both soil
microorganisms and plant roots in order to obtain inorganic P
from organic P compounds. The relationships between enzymes
and soil pH can change across studies depending on the pH
range of sampled soils and whether the assay used adjusts
the soil pH to match the enzyme pH optima or whether a
single buffer is used for multiple enzymes like is done with
fluorometric substrates.

When PCA was performed, soil pH, PO, PP, CB, LAP,
and PME activities were grouped in the first component and
could represent the core group driving C, N and P cycling.
The core group highlights the importance of soil pH in
affecting enzyme activities and the role of oxidases in degrading
phenolic compounds and those enzymes releasing simple sugars

FIGURE 1 | Conceptual diagram summarizing the C, N, and P contents and extracellular enzyme responses to tested land-use. TOC, total organic carbon; TN, total

nitrogen; CO2 flush, carbon dioxide released after rewetting air-dried soil and incubating for 24 h; SNS, soil nitrogen supply (extracted NO3-N plus NO3-N extracted

following a 2-week aerobic incubation); M3-P, Mehlich-3 extractable phosphorus; AG, α-glucosidase; BG, β-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP,

leucine aminopeptidase; PME, phosphomonoesterases; PO, phenol oxidase; PP, peroxidase.
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(CB) and amino acids (LAP) as well the enzyme releasing
assimilable phosphates.

The second group was related to SNS, AG, BG, and NAG
and shows the important role of nitrogen in stimulating C and
N related hydrolytic enzymes. Increased mineral N availability
could increase microbial demand for C, inducing therefore
the production of EEs related to C acquisition (25, 34). Also,
under C limited conditions, NAG activity may be increased to
promote organic C mineralization to help microbes meet their C
demands (25).

The third group was composed of TOC, TN, M3-P and
CO2 flush, and highlights the linkage between C, N and P
cycling. It is well-known that the contents of soil organic C and
nutrients (e.g., N and P) are generally related, and increased
soil N and P contents following increased accumulation of
soil organic C were reported (2, 88). Carbon and nutrient (N,
P) cycles are inherently linked via different processes such as
photosynthesis, respiration and mineralization (89). Also, soil
organic C, nitrogen and phosphorus are stabilized together inside
soil organic matter, and during decomposition, the microbial
need for C can cause microbial P mineralization when soil
microorganisms use organic P compounds as a C source (90).
Thus, the C-N-P cycles are linked even though the mechanisms
driving biological C and N mineralization, and biochemical P
mineralization could be different. The cycles of soil C and P are
coupled via microbial and root activity including the release of
extracellular phosphatase enzymes that allow the mineralization
of P from soil organic matter (91). A diagram summarizing key
results of C, N, P and enzymes responses to tested management
practices is reported in Figure 1.

CONCLUSION

This study assessed how different extracellular enzymes respond
to different land use. The activities of C, N, and P acquiring
enzymes, soil nitrogen supply and soil respiration were related to
changes in soil total C, total N and extractable P across different
land use. Hydrolytic C related enzymes (AG, BG, CB) are good
indicators of carbon flows, whereas oxidative C enzyme (PO,
PP) are good indicators of C concentrations with increased PP
and PO activity reflecting total C decline. The NAG activity is
an indicator of enhanced fungal activities and increased PME
activity reflects low extractible P. Enzyme activities were sensitive

to management practices than total C and total N under different
land use. The relationship between enzymes activities and C, N
and P availability is complex given that C, N and P cycling are
linked. In addition, the mechanisms by which enzyme substrates,
enzyme end products and nutrient availabilities affect different
enzyme activities still need to be elucidated. Soil pH affects
differently extracellular soil enzyme activities depending on the
assay method, composition of microbial community of sampled
soils, enzyme location and soil pH optima of different enzymes.
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