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ABSTRACT

Riparian buffers, located in the transition zone between terrestrial and aquatic ecosystems, are a hotspot for nitrogen (N) removal through denitrification.
Earthworms are abundant in riparian buffers and may enhance denitrification. This study investigated earthworm demographics of three earthworm functional
groups (anecic, epigeic, and endogeic) and denitrifier activity in temporarily flooded and non-flooded riparian soils from April to October 2012 in southern
Quebec, Canada. Nine earthworm species, mostly endogeic, were found in the temporarily flooded soil, while only six earthworm species were found in
the non-flooded soil. On average, there were 11.7 times more earthworms with 12.4 times greater biomass (P < 0.05) found in the temporarily flooded
soil than in the non-flooded soil. The denitrification enzyme activity (DEA) was of similar magnitude in temporarily flooded and non-flooded soils, with
temporal variation associated with rainfall patterns. Endogeic earthworm biomass was positively correlated (P < 0.05) with DEA, while epigeic earthworm
biomass was positively correlated (P < 0.05) with 16S rRNA gene copies and nosZ gene copies from bacteria, indicating an association between earthworm
functional groups and denitrifier activity in riparian soils. Stepwise multiple regressions showed that DEA in riparian soils could be predicted using soil
moisture, inorganic N concentration, and earthworm functional groups, suggesting that endogeic and epigeic earthworms contributed to denitrifier activity in
riparian soils.
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INTRODUCTION (Groffman et al., 1992), riparian buffers are often a hotspot
of denitrification in agricultural landscapes (McClain et al.,
2003; Mander et al., 2008). Temperate riparian buffers can
produce 0.4-8.2 mg nitrous oxide (N3 O)-N m~—2 d—! (Hefting

et al., 2003; Dhondt et al., 2004; van den Heuvel et al.,

Riparian buffers are a transition zone between terrestrial
and aquatic ecosystems that filter water and capture nutrients
from surface runoff, making them a desirable component of

agricultural landscapes (Wall ef al., 2001). In contrast to the
relatively static water patterns in nearby upland agricultural
soils, the seasonal flooding and drying cycles in riparian soils
cause more pronounced fluctuations in soil redox and support
more microbial-mediated nitrification and denitrification
(Groffman et al., 1992). Riparian soils also receive sediments,
organic residues, and dissolved materials transported from
upland agricultural soils via overland flow, resulting in high
nutrient loading of particulate and dissolved nitrogen (N)
compounds (the latter being predominantly nitrate, NO3).
In addition, lateral and vertical water movements deposit
sediments and organic residues within the riparian area
(Stein and Ambrose, 2001; Steiger et al., 2005). Owing to
favorable moisture conditions and plentiful substrates such as
NO; and labile carbon (C) for denitrifying microorganisms

2009), which is about 10-100 times greater than that in other
temperate ecosystems. For example, it has been shown that
grasslands produce 0.06 mg NoO-N m~2 d—! (Huang et al.,
2003), pastures produce 0.06 mg NoO-N m~2 d~! (Stehfest
and Bouwman, 2006), and forests produce 0.16 mg NoO-N
m~2 d~! (Pilegaard et al., 2006).

Riparian areas are also a hotspot of soil biodiversity,
especially for earthworms that are well adapted to moist soils,
and are expected to support larger earthworm populations.
More microhabitats are available in riparian soils, and the
resources and energy available to riparian soil food webs
can support a wider variety of feeding strategies than those
in upland agricultural soils (Naiman et al., 2005). Higher
levels of moisture in riparian soils are favorable for sup-
porting a high number and diversity of earthworm species
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(Reynolds, 1977). The earthworm population in temperate
riparian soils that experience seasonal flooding is as large as
1 912 individuals m~2, with a fresh biomass of up to 276 g
m~2 (Gonzélez and Zou, 1999; Dechaine et al., 2005; Zorn
et al., 2005; Huerta et al., 2007; Bradley et al., 2011). In
contrast, well-drained agricultural soils in temperate regions
typically support earthworms of 285 individuals m—2 and a
fresh biomass of 139 ¢ m—2 (Whalen and Fox, 2007).

If earthworms are more abundant and diverse in riparian
soils, their contribution to decomposition and N cycling,
including denitrification, is expected to be greater in these
soils than in upland soils. There is evidence of an earthworm-
induced priming effect of denitrifying organisms in the drilo-
sphere. This priming effect may be from directly enhancing
the denitrifiers within the earthworm gut (Drake and Horn,
20006) or indirectly altering the soil structure and creating
biostructures, such as casts, middens, and burrows, that con-
tain microsites for denitrifiers (Rizhiya et al., 2007; Speratti
and Whalen, 2008; Lubbers et al., 2013b). In a laboratory-
simulated riparian buffer, earthworm-worked soils had four
times higher denitrification rates than earthworm-free soils,
and riparian hydrologic dynamics controlled N fluxes and
N forms lost, including gaseous N forms (N2 and N-2O)
and dissolved NO; (Costello and Lamberti, 2008, 2009).
However, simulated riparian buffers do not necessarily rep-
resent earthworm-denitrifier interactions in natural riparian
soils because i) earthworm populations are affected by pre-
cipitation events and the heterogeneous environment of a
riparian buffer (Zorn et al., 2005), which alters the direct
relationship between earthworms and soil denitrifiers; ii)
riparian soils can support multiple species in different earth-
worm functional groups and their feeding and burrowing
behaviors can affect the soil denitrifiers indirectly; and iii)
earthworm-denitrifier interactions also depend on soil mois-
ture conditions, such that earthworms increase N, O emission
in oxic soils, but reduce N,O emission in anoxic soils and
under fluctuating oxic-anoxic moisture conditions (Bertora
et al., 2007; Chen et al., 2014).

Our study compared earthworm functional group di-
versity, abundance, and biomass between the tempora-
rily flooded and non-flooded sections of a riparian buffer
in southern Quebec, Canada. Lumbricid earthworms are
widespread in the riparian buffers of this region owing to
human activities, such as fishing, as well as earthworm
migration into the riparian area from surrounding agricul-
tural fields (Plum, 2005; Keller et al., 2007; Bradley et al.,
2011). We hypothesized that there was greater denitrifier
activity in temporarily flooded riparian buffers with large
earthworm populations than in non-flooded riparian buffers.
This hypothesis was tested by evaluating the relationships
between denitrification enzyme activity (DEA) and number
and biomass of all three earthworm functional groups (i.e.,
epigeic, endogeic, and anecic groups) and other soil parame-
ters known to affect denitrification.
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MATERIALS AND METHODS

Study site and experimental setup

The riparian buffer studied was located between the
agricultural fields of a working farm and a nearby river, the
Riviére-aux-Brochets, in southern Quebec, Canada (45°08’
N, 73°03’ W). It was a 100-m-long riparian buffer on Suffield
clay loam belonging to the brown podsolic soil group, with
apH of 7.1, 62.6 g C kg~ soil, and 4.6 g N kg~ soil.
Soil collected from the temporarily flooded field contained
51% sand, 11% clay, and 39% silt, while soil from the non-
flooded field contained 63% sand, 7% clay, and 30% silt.
The field experiment was set up as a randomized complete
block design with two parallel plots containing either the
temporarily flooded riparian soil or non-flooded riparian
soil. The temporarily flooded soil was in a 20 m wide X
100 m long block adjacent to the stream, and the non-flooded
riparian was located further up the slope in a 30 m wide x
100 m long block. The soil bulk density was 0.94 g cm~2 in
the temporarily flooded soils and 0.71 g cm ™2 in the non-
flooded soils. Major vegetation in the temporarily flooded
riparian block included Laportea canadensis (Canada nettle),
Eutrochium maculatum (spotted Joe-Pye weed), Sagittaria
latifolia (broadleaf arrowhead), Solidago gigantea (giant
goldenrod), Bidens frondosa, and Phalaris arundinacea
(reed canary grass). Dominant vegetation in the non-flooded
riparian block included Pinus resinosa (red pine), Acer
negundo (box elder maple), Ostrya virginiana (American
hop hornbeam), Crataegus sp. (hawthorn), Geum sp . (avens),
and Lysimachia nummularia (creeping Jenny).

Earthworm and soil sampling

We selected the sampling schedule according to the
periods when earthworms tend to be more active in temperate
regions (Whalen, 2004; Zorn et al., 2005): There were nine
sampling dates (all in 2012), two in May, one in June, one in
July, one in August, two in September, and two in October
(Table I). At each date, we selected four sampling points
in temporarily flooded and non-flooded riparian blocks at
random (no point was resampled), and at each sampling
point we dug a pit (25 cm long x 25 cm wide x 15 cm
deep), removed the soil, and hand sorted it to collect the
earthworms. For the deeper-dwelling earthworms, we poured
0.5% formaldehyde solution into the bottom of each pit until
it was saturated, covered the pit for approximately 20 min,
and removed any emerging earthworms with forceps. We
preserved earthworms from each pit in 5% formaldehyde
solution for demographic analysis in the laboratory. After
earthworm sampling, we sieved a soil subsample from each
pit through a 4-mm mesh screen and transported it to the lab
on ice. The soil was stored for < 1 week at 4 °C for chemical
analyses or —80 °C for molecular analyses. There were a
total of eight soil samples and eight earthworm samples at
each sampling date.
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TABLE I

Samples selected for DNA extraction and the water-filled pore space (WFPS)
of the temporarily flooded and non-flooded riparian soils from southern
Quebec, Canada at nine sampling dates from May to October 2012

Sampling DNA WFPS

time extraction

Temporarily flooded soil ~ Non-flooded soil

%o

May 12 Yes 77.6 & 3.4%) abP) 41.4 £ 3.1abc
May 31 No 87.7 £ 3.6a 45.9 4 3.0ab
Jun. 14 Yes 68.8 &= 3.9ab 41.4 £+ 5.5abc
Jul. 12 Yes 54.7 + 6.8b 29.3 +2.2¢
Aug.09  No 53247.2b 29.5 4 3.0bc
Sep. 10 Yes 68.5 + 6.4ab 38.9 + 3.0abc
Sep. 25 No 57.5+5.8b 46.7 + 4.6a
Oct. 12 Yes 73.7 4 3.8ab 44.3 + 3.4abc
Oct. 29 No 71.0 & 4.0ab 48.1+3.7a

a)Means = standard errors (n = 4).
b)Mean values with different letters in a column are significantly different
at P < 0.05 according to a Tukey-Kramer test.

Earthworm demographics

We first separated earthworms from each sampling point
into fragments, juveniles, and adults and then identified adults
to the species level according to Reynolds (1977). Adult
earthworms were counted separately from other individuals
(juveniles and fragments with an intact head). Juveniles
and fragments were allocated to either Lumbricus spp. or
Aporrectodea spp. depending on the body pigmentation. The
biomass of individuals in each category was the ash-free dry
weight (AFDW, g), calculated by subtracting the mass of ash
(500 °C in a muffle furnace for 4 h) from the dry weight (60
°C for 48 h).

Soil chemical analysis

Soil samples were taken at each of the nine sampling
dates, and all soil properties were analyzed after each soil
sampling. A 5-g subsample of each soil was extracted in
50 mL of 2 mol L™! KCI solution for the colorimetric
determination of ammonia (NHI) and NO; concentrations
using the indophenol blue technique (Sims et al., 1995) on a
BIO-TEK EL312 microplate reader (BIO-TEK Instruments
Inc., Winooski, USA). Soil moisture content was determined
gravimetrically after drying at 60 °C for 48 h, and then the
soil water-filled pore space (WFPS) was calculated according
to Linn and Doran (1984). Dried, ground soil was analyzed
for total C and N concentrations on a Thermo Finnigan Flash
EA 1112 CN analyzer (Carlo Erba, Milan, Italy).

The DEA was determined by adding C and N sources to
reach the maximum denitrification rate, according to Drury
et al. (2007). Briefly, 25 g of soil sample was placed in a
250-mL flask, and 25 mL of solution containing 300 mg
of glucose-C kg~! soil and 50 mg NO3 -N kg~! soil was
added. The flask was closed with a rubber stopper, flushed
with argon gas for 30 min, and 10% of the headspace (about
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21.5 mL) was replaced with acetylene. The flasks were
placed in a rotary shaker during gas sampling. At 1, 2, 3, and
5 h, 9 mL of headspace gas was transferred into a 5.9-mL
vacuumed exetainer (Labco, High Wycombe, UK) with an
extra Teflon/silicone septum (National Scientific, Rockwood,
USA). The N5O concentration was analyzed with a gas
chromatograph (Model 6890, Hewlett Packard, Avondale,
USA) equipped with an HP-PLOT/Q column (32.5 m x
535 um x 40.0 um, Agilent Technologies Inc., Santa Clara,
USA) and detected with a micro-electron capture detector at
300 °C. The carrier gases were helium at 4.0 mL min~—! and
ultra-high-purity N at 15.0 mL min~!. The production of
N3O-N from each flask at each sampling time was calculated
according to Drury et al. (2007), and DEA was determined
from the slope of the line of best fit calculated when plotting
N>O-N production against time.

DNA extraction

Soil samples for DNA extraction were selected to repre-
sent a range of seasonal changes in soil WFPS (Table I). Soil
DNA was extracted using the PowerSoil® DNA isolation
kit for soil (MO BIO Laboratories, Inc., Carlsbad, USA)
according to the manufacturer’s instructions, and the DNA
concentration of each extract was determined with a Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scientific,
Marietta, USA).

Detection of bacterial genes by polymerase chain reaction
(PCR)

Conventional PCR was performed to detect the bacterial
16S rRNA, nirS, and nosZ genes in soil samples. Bacterial
denitrifiers (as opposed to fungal denitrifiers) were the fo-
cus of our study because denitrifying bacteria can tolerate
flooded conditions, whereas fungal denitrifiers are obligate
aerobes (Zhou et al., 2001) and generally catalyze some—but
not all—steps in the denitrification reaction (Shoun et al.,
1992). Denitrifying bacteria also outcompete fungal denitri-
fiers in soils with near-neutral pH (Herold ef al., 2012), and
our study site had a soil pH of 7.1. We did not amplify nirK,
an analogous gene to nirS that is responsible for encoding
nitrite reductase, because the nirS-containing bacteria are
more widespread and can reflect the denitrification potential
of bacteria in various soils (Dong et al., 2009; Huang et
al.,2011; Nebert et al., 2011). The DNA amplification was
performed with a Veriti thermocycler (Applied Biosystems,
Foster City, USA). Each PCR reaction consisted of 1 X
PCR buffer (20 mmol L~! Tris-HCI, pH 8.4, 50 mmol
L~ KCl, Invitrogen/Life Technologies, Carlsbad, USA),
0.2 mmol L' deoxynucleotide (ANTP) mixture (Invitro-
gen/Life Technologies), 1.5 mmol L1t MgCls, 0.4 umol
L1 of each forward and reverse primers (AlphaDNA, Mon-
treal, Canada) (Table II), 1.25 units of 7ag DNA polymerase
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(Invitrogen/Life Technologies), 20 ng of template DNA ex-
tracted from each soil sample, and nuclease-free water in a
final volume of 25 uL. The positive control for the reaction
confirmed that 0.4 wmol L1 was the optimal concentration
for all gene primers (Table II), and a no-template negative
control was run for each gene primer (Table II) to ensure
no contamination. The presence of PCR inhibitors in the
soil samples was tested by a serial dilution of the soil DNA
extract. No inhibition was detected in any case. Each assay
contained a positive control, no-template negative control,
and soil DNA.

The PCR programs were based on the instructions of
Tag DNA polymerase, with modification: 5 min of initial
denaturation at 95 °C; 35 cycles of 30 s at 95 °C (denaturing),
40 s at the annealing temperature for the primers (annealing),
and 72 °C for 1 min (extension); and a final extension of 7 min
at 72 °C. The PCR products were detected and analyzed on
2% agarose gels by electrophoresis according to Chénier and
Juteau (2009).

Standard curve for real-time PCR (qPCR)

The positive controls were also used to generate stan-
dards to determine the gene copies in the soil DNA samples.
Each target gene was amplified by conventional PCR using
the reaction mixture, programs, and thermocycler as de-
scribed above. These amplicons (standards) were gel-purified
using the QIAEX.2 gel extraction kit (Qiagen Inc., Toronto,
Canada). The concentration of each standard was determined
with a NanoDrop 2000 spectrophotometer, and the gene
copy number (copies wL~1) of each standard was calculated
according to Malorny et al. (2003). Serial 5-fold dilutions
of each standard were prepared to generate an eight-point
standard curve.

Quantification of bacterial genes by gPCR

All gPCR reactions were performed in triplicate on a
Stratagene Mx3005P qPCR system with MxPro software
version 4.10 (Agilent Technologies). Reactions consisted of
1X Brilliant IIT Ultra-Fast SYBR Green qPCR Master Mix
(Agilent Technologies) and 0.4 umol L' of each forward

TABLE II
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and reverse primer pair, which are the same as those for the
conventional PCR (Table II), 20 ng of template DNA, and
nuclease-free water in a final volume of 20 pL. The PCR
program was as follows: 5 min of initial denaturation at 95
°C and 40 cycles of 30 s at 95 °C (denaturing), 40 s at the
annealing temperature for the primers (annealing), and 72
°C for 1 min (extension). A dissociation curve was obtained
at the end of each PCR reaction, with the protocol of 1 min
at 95 °C, 30 s at 55 °C, and 30 s at 95 °C. The single peak
of the dissociation curve indicated the specificity of the PCR
products. Each assay contained a serial standard dilution
(for the standard curve), soil DNA, and no-template negative
controls. The quantification of nosZ and nirS$ had a lower
detection limit of 100 copies per assay, and the quantification
of 16S rRNA had a lower detection limit of 1000 copies per
assay. The number of copies of each target gene in soil DNA
extracts was determined by comparing the cycle threshold of
the samples with the standard curve using MxPro software
(Agilent Technologies).

Statistical analyses

The DEA and bacterial gene copy numbers were log-
transformed to satisfy the assumption of normality and ho-
moscedasticity of the residuals. The main effects of sampling
date (time) and sampling location (with or without flooding)
on soil moisture, soil inorganic N concentrations, DEA,
and bacterial gene copy numbers were analyzed by two-way
analysis of variance (ANOVA) with a general linear model in
SAS version 9.3 (SAS Institute, USA). Least-squares mean
values of significant (P < 0.05) main effects and interactive
effects were compared with a Tukey-Kramer test. Since the
residuals of the earthworm population and biomass data
were not normally distributed, the Wilcoxon scores (post-
hoc Wilcoxon signed-rank test) for the effects of time and
flooding on earthworm population and biomass were cal-
culated using the non-parametric NPAR1 WAY procedure.
Spearman’s correlation was used to evaluate associations
between earthworm communities, moisture, inorganic N,
and denitrifier activities in soil. Stepwise multiple linear
regression was used to determine how DEA was related to
soil and earthworm variables.

Oligonucleotide primers, annealing temperatures (AT), and positive control strains or plasmids used in conventional polymerase chain reaction (PCR) and
real-time PCR for the detection of bacterial genes in the temporarily flooded and non-flooded riparian soils from southern Quebec, Canada at nine sampling

dates from May to October 2012

Gene Primer sequences (5-3) Amplicon size AT  Strain or plasmid  Reference(s)
bp °C
16S rRNA  1055F-ATGGCTGTCGTCAGCT, 337 59 Escherichia coli Harms ez al., 2003
1392R-ACGGGCGGTGTGTAC
nirS nirS1F-CCTAYTGGCCGCCRCART, 256 59 pDnirS Braker et al., 1998; Siciliano er al., 2000
nirS3R-GCCGCCGTCRTGVAGGAA
nosZ n0s1527F-CGCTGTTCHTCGACAGYCA, 246 57 pMWI12 Scala and Kerkhof, 1998; Siciliano et al., 2000

nos1773R-ATRTCGATCARCTGBTCGTT
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RESULTS
Selected environmental factors

The soil moisture at individual sampling points ranged
from 20% to 100% WFPS, with average values of 29%—
88% WEFPS in the temporarily flooded and non-flooded
soils during the study (Table I). At a given sampling date,
the soil moisture was always lower in the non-flooded soil
than in the temporarily flooded soil (Table I). Extractable N
concentrations did not vary seasonally, although the NH; -N
concentration was, on average, 1.4 times lower (P = 0.001)
in the temporarily flooded soil than in the non-flooded soil
(data not shown).

Earthworm diversity, populations and biomass

Earthworms collected from the temporarily flooded soil
belonged to nine species, and most of them were endogeic
species (Table III). The average earthworm population in the
temporarily flooded soil was 336 individuals m~2, which
was 4.6 times larger (P < 0.001) than that in the non-flooded
soil. There were 6.2 times more (P < 0.05) epigeic species,
5.8 times more (P < 0.05) endogeic species, and 2.2 times
more (P < 0.05) anecic species in the temporarily flooded
soil than in non-flooded soil (Table III). Average earthworm
biomass was 5 times greater (P < 0.001) in the temporarily

TABLE III
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flooded soil (11.1 g AFDW m~2) than in the non-flooded
soil (2.23 ¢ AFDW m~2) (Table IV). Compared to the non-
flooded soil, there was 5.6 times more (P < 0.05) biomass
of epigeic species, 5.6 times more (P < 0.05) biomass of
endogeic species, and 3.1 times more (P < 0.05) biomass
of anecic species in the temporarily flooded soil.

Denitrification enzyme activity and bacterial gene copy
numbers

The DEA fluctuated temporally (Fig. 1). The greatest
DEA of 1.45 ug NyO-N g soil ' h™! (P < 0.001) was mea-
sured in the fall flooding season (September and October),
followed by that (0.899 ug NoO-N g soil ~! h=1) in the spring
flooding season (May) and that (0.468 ug NoO-N g soil ™!
h™1) in the drought season (June to August). There was
no difference (P > 0.05) in DEA between the temporarily
flooded and non-flooded riparian soils.

Neither time nor flooding had a significant (P > 0.05)
influence on 16S rRNA gene copies (Fig. 2). Overall, the
nirS gene copy number was significantly affected by time
(F'=99.8, P < 0.001), followed by time x flooding (F' =
9.95, P < 0.001). At two of the five sampling dates, nirS
gene copies were 2.7-3.4 times lower (P < 0.05) in the
temporarily flooded soil than in the non-flooded soil, and
nosZ gene copies varied significantly (P < 0.05) with time
(Fig. 2).

Percentages of earthworm species, as well as juveniles and fragments, in the total earthworm population in each functional group (endogeic, epigeic, and
anecic) in the temporarily flooded and non-flooded riparian soils from southern Quebec, Canada at nine sampling dates from May to October 2012

Riparian soil Earthworm species May 12 May 31 Jun. 14 Jul. 12 Aug. 9 Sep. 10 Sep. 25 Oct.12 Oct. 29
%o
Temporarily Epigeic
flooded Lumbricus rubellus —2) - 1.4 1.4 - 1.7 - - -
Eiseniella tetraedra - 1.0 - - - - - - -
Dendrobaena octaedra 1.0 1.6 2.8 1.4 - 1.7 - 2.8 -
Anecic
Lumbricus terrestris - - - - 1.4 - - 0.9 -
Juveniles and fragments 19.0 7.4 6.9 10.8 6.9 11.7 9.1 19.3 14.3
Endogeic
Allolobophora chlorotica 21.1 13.7 15.3 9.5 4.2 33 9.1 9.2 14.3
Aporrectodea turgida 10.5 6.4 15.3 17.6 6.9 33 9.1 2.8 17.9
Aporrectodea tuberculata 1.0 6.4 1.4 5.4 5.6 11.7 18.2 8.3 7.1
Octolasion tyrtaeum 4.2 10.6 4.2 5.4 2.8 33 3.6 - 6.0
Aporrectodea rosea - 1.0 1.4 - - - - - 1.2
Juveniles and fragments 433 52.0 514 48.6 72.2 63.3 50.9 56.9 39.3
Non-flooded Epigeic
Dendrobaena octaedra - - - - - 12.5 - - -
Anecic Species - - - - - - - - -
Juveniles and fragments 28.6 25.6 30.0 - - 12.5 26.3 36.4 40.0
Endogeic
Allolobophora chlorotica - - 10.0 - - - - - 8.0
Aporrectodea turgida 7.1 - - 23.1 - - 10.5 4.5 -
Aporrectodea tuberculata 14.3 - - - - - 15.8 - 12.0
Octolasion tyrtaeum 21.4 - 10.0 7.7 - - - - 4.0
Aporrectodea rosea - - - - - - - 4.5 -
Juveniles and fragments 28.6 74.4 50.0 69.2 100.0 75.0 47.4 54.5 36.0

) The earthworm species was not found at the sampling date.
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TABLE IV
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Average ash-free dry weights of the three earthworm functional (endogeic, epigeic, and anecic) groups in the temporary flooded and non-flooded riparian soils
from southern Quebec, Canada at nine sampling dates from May to October 2012

Sampling date Temporarily flooded riparian soil

Non-flooded riparian soil

Endogeic Epigeic Anecic Endogeic Epigeic Anecic
gm~—?
May 12 12.18 4 0.40%) 0.48 +0.48 247+ 1.14 473 £0.87 0.33 £0.33 1.06 £ 0.54
May 31 16.73 +4.92 0.68 + 0.64 1.09 + 0.54 123 £ 1.15 0.00 £ 0.00 0.48 +0.24
Jun. 14 9.01 £2.12 0.57 £0.33 0.68 = 0.39 0.82 £0.48 0.00 £ 0.00 0.47 £0.27
Jul. 12 829 £424 0.34 £ 0.34 0.26 = 0.19 1.71 £ 0.43 0.00 £ 0.00 0.00 £ 0.00
Aug. 09 4.28 £0.98 0.00 £ 0.00 244 +£1.95 0.50 £0.29 0.00 £ 0.00 0.00 £ 0.00
Sep. 10 8.69 £4.03 1.06 £ 0.69 0.64 = 0.38 0.36 £ 0.15 0.35£0.35 0.07 £ 0.07
Sep. 25 5.11 £ 1.57 0.00 = 0.00 0.63 +0.30 1.62 £+ 0.57 0.00 £ 0.00 0.78 +0.46
Oct. 12 8.03 £ 0.67 0.99 £+ 0.99 4.56 = 1.40 1.54 +£1.02 0.00 £ 0.00 0.77 £0.57
Oct. 29 11.34 +£5.52 0.00 % 0.00 2.10+£0.73 1.96 £ 1.17 0.00 £ 0.00 1.20 £ 0.79

a)Means =+ standard errors (n = 72).
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Fig. 1 Denitrification enzyme activity (DEA) in the temporary flooded riparian soil (TRS) and the non-flooded riparian soil (NRS) from southern Quebec,
Canada at nine sampling dates from April to October 2012. Values are means with standard errors shown by vertical bars (n = 72). There were significant
differences (P < 0.05) between seasons (fall flooding season > spring flooding season > drought season), but there was no significant difference (P > 0.05)
between TRS and NRS on each sampling date, according to a post-hoc Wilcoxon signed-rank test.

Relationships among environmental factors, earthworms,

and denitrifying bacteria

Significant positive correlations were observed for i)
DEA with WFPS, nirS gene copies, and endogeic earth-
worm biomass, ii) 16S rRNA with nosZ gene copies, iii)
nosZ gene copies with soil C:N ratio, iv) epigeic earthworm
biomass with inorganic N (NHI—N + NOj3 -N), anecic earth-
worm biomass, and total earthworm biomass, and v) total
earthworm biomass with inorganic N (Table V). Significant
negative correlations were observed for i) DEA with 16S
rRNA, ii) 16S rRNA with epigeic earthworm biomass, iii)
nosZ gene copies with epigeic earthworm biomass, and iv)
endogeic earthworm biomass with soil C:N ratio and total
earthworm biomass.

A stepwise multiple linear regression procedure was
used to determine the contributions of earthworm and other
soil parameters to DEA of the temporarily flooded and non-
flooded riparian soils during this study (P < 0.05). Two
of the best fit models for DEA included the soil moisture
(WFPS), soil inorganic N concentration, soil C:N ratio,
endogeic earthworm biomass and population and epigeic

earthworm biomass and population (Egs. 1 and 2). Data were
from all sampling dates (72 observations) in Eq. 1 (R? =
0.257, P = 0.003):

DEA = 0.028 + 1.756 WFPS — 0.012N;+
0.0259C/N + 0.0299EBg,, — 0.00191EPg, (1)

where N; is the soil inorganic N concentration, C/N is the soil
C:N ratio, and EBg,, and EPfg,, are the endogeic earthworm
biomass and population, respectively. Data were from five
sampling dates (May 12, June 14, July 12, September 10,
and October 12, 2012; 40 observations) in Eq. 2 (R? =
0.664, P < 0.001):

DEA = —0.0326 + 1.804WFPS — 0.0110N;+
0.0279C/N — 0.0597EBgy, + 0.155EPg,, 2)

where EBg, and EPg, are the epigeic earthworm biomass
and population, respectively.

We also found that bacterial gene copies could explain
some of the variation in DEA in the temporarily flooded and
non-flooded riparian soils at five sampling dates (May 12,
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Fig. 2 Bacterial 16S rRNA (a), nirS (b), and nosZ (c) gene copy numbers
in the temporary flooded riparian soil (TRS) and the non-flooded riparian
soil (NRS) from southern Quebec, Canada at six sampling dates from
April to October 2012. Values are means with standard errors shown by
vertical bars (n = 72). Different capital letters indicate significant difference
between sampling dates, while an asterisk (*) within each sampling date
indicates significant difference between TRS and NRS, according to a
post-hoc Wilcoxon signed-rank test.

TABLE V
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June 14, July 12, September 10, and October 12, 2012; 40
observations) (R? = 0.621, P < 0.001):

DEA = 0.276+1.019WFPS —0.00917N;+
1.785 x 107 '2GC,;;s — 0.0119EBg,+
0.127EPg,, 3)

where GC,;,s is the nirS gene copy number.

DISCUSSION

Earthworm populations in riparian buffers

The nine earthworm species collected in this study are
among the 19 exotic lumbricid species found in Quebec,
Canada (Reynolds and Reynolds, 1992; Reynolds, 2010).
The epigeic species Eiseniella tetraedra and Lumbricus
rubellus were unique to the temporarily flooded riparian
soil, probably because they thrive in moist habitats such as
lake shores and stream banks (Reynolds, 1977). Another
moisture-loving earthworm species, Allolobophora chloro-
tica, an endogeic species, also reached high populations in
the temporarily flooded riparian soil, accounting for 13%—
56% of the total adult earthworms. However, this earthworm
species was hardly found in the non-flooded riparian soil.
These results are consistent with earthworm surveys along
the Saint Laurence River in Quebec, Canada (Reynolds,
1976; Reynolds and Reynolds, 1992).

Some earthworm species found in the riparian buffer
of this study, such as Aporrectodea turgida, Aporrectodea
tuberculata, and Lumbricus terrestris, were less dependent
on soil moisture for their survival, but still thrived in moist
habitats. The Aporrectodea spp., which are in the endogeic
functional group, accounted for 30%—68% of the adult
earthworms in the temporarily flooded soil and 0%—100% of
the adult earthworms in the non-flooded soil. The only anecic

Spearman correlation coefficients () among denitrification enzyme activity (DEA), bacterial gene copy numbers, earthworm biomass, and other selected
properties, water-filled pore space (WFPS), inorganic N (NHI—N + NOj3 -N), and C:N ratio, of the flooded and non-flooded riparian soils from southern
Quebec, Canada at five sampling dates (May 12, June 14, July 12, September 10, and October 12, 2012)®)

Soil property WFPS Inorganic N C:N ratio DEA Gene copy number Earthworm biomass
16S rRNA  nirS nosZ Endogeic  Epigeic  Anecic  Total
DEA 0.360%* 0.226 —0.107 1 —0.392* 0.411* —0.29 0.462%* 0.074 0.049  —0.209
Gene copy number
16S rRNA 0.138  —0.121 0.080 1 —0.234 0.512%%  —0.115 —0.370%* —0.028 —0.064
nirS 0.233 0.038 0.149 1 —0.085 0.201 —0.028 0.132  —0.030
nosZ 0.091 —0.062 0.514%%* 1 —0.106 —0.400%* 0.003  —0.087
Earthworm biomass
Endogeic 0.113  —0.132 —0.394* 1 —0.205 —0.156  —0.369*
Epigeic —0.009 0.804%** 0.240 1 0.331* 0.637%**
Anecic 0.142 0.295 0.334 1 0.432%%*
Total —0.043 0.5097%%*%* 0.213 1

* xRk Sionificant at P < 0.05, P < 0.01, and P < 0.001, respectively.
a)Data were pooled (n = 40).
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earthworm found in this study, L. terrestris, was only found
in the temporarily flooded soil. These three earthworms are
widespread in Quebec and are most often found in forested
hills (Moore et al., 2009), agroecosystems (Whalen, 2004;
Eriksen-Hamel et al., 2009), and riparian buffers (Reynolds
and Reynolds, 1992; Bradley et al., 2011). The riparian
buffer in this study had an upland forest component that
supported Dendrobaena octaedra, an epigeic species that
has been reported to be abundant in the forest ecosystems
of Quebec, Canada (Reynolds, 1977; Moore et al., 2009),
and this species likely migrated or was transported into the
riparian buffer through runoff or overland flow.

Earthworm populations ranged from 0 to 768 individual
m~2 in the riparian soils of this study. Juveniles accounted
for 53%—79% in the temporarily flooded soil and 57%—100%
in the non-flooded soil, which is consistent with other earth-
worm surveys in temperate regions (Whalen et al., 1998;
Whalen, 2004). Seasonal dynamics in earthworm numbers
and biomass were attributed to fluctuations in soil moisture
and temperature as well as natural variations in immigra-
tion, emigration, births, and deaths among the soils. The
earthworm biomass and population levels peaked in May
and declined during the hotter, drier summer months. These
results are consistent with the observation that earthworms
are often the most active in spring and fall in temperate
ecosystems (Curry et al., 1995; Whalen, 2004). Aside from
the temporal variation in earthworm population, the sam-
pling location in the riparian buffer strongly influenced the
earthworm population (on average 346 individuals m~2 in
the temporarily flooded soil and 71 individuals m~2 in the
non-flooded soil), which could be linked to differences in
soil hydrology, vegetation, and organic matter between the
temporarily flooded and non-flooded riparian soils (Whalen
et al., 1998; Plum, 2005). In addition, there were more
earthworms in the temporarily flooded riparian soil in our
study (on average 386 individuals m~2 in October) than
in other riparian strips in this region in October (11-165
adult individuals m~2, Bradley et al., 2011). However, the
earthworm population in the non-flooded soil (on average
94 individuals m—2 in October) was in accordance with the
results of Bradley ez al. (2011). Our earthworm population
was also smaller than that in the soil of a Dutch floodplain
(on average 904 individuals m~2, Zorn et al., 2005).

Earthworm functional groups are related to denitrifier ac-

tivity in riparian buffers

Although we found that the whole earthworm community
did not affect denitrifier activity, we observed that specific
earthworm functional groups were associated with active
denitrifier bacteria. The epigeic earthworm biomass was
significantly and positively correlated to 16S rRNA and
nosZ gene copy numbers, and the endogeic earthworm
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biomass was positively correlated with the DEA. Stepwise
multiple regression analysis confirmed that endogeic and
epigeic earthworm groups were related to the DEA in the
temporarily flooded and non-flooded riparian soils, along
with soil moisture and inorganic N concentration. This is
consistent with other studies that showed a stimulatory effect
of earthworms on denitrification, leading to NoO emission of
upto2 520 ug NoO-N d~! g~! soil in the laboratory (Rizhiya
et al., 2007; Speratti and Whalen, 2008; Giannopoulos et
al., 2010; Nebert et al., 2011), up to four times greater
denitrification rates in a simulated riparian stream (Costello
and Lamberti, 2008), and approximately four times greater
cumulative NoO emission (up to 8.12 NoO-N m~2)in a
managed grassland in fall (Lubbers et al., 2013a).

To the best of our knowledge, this is the first study
to highlight the association between earthworm functional
groups and bacterial denitrifiers in riparian buffers under
field conditions. This association may be in part because the
soil conditions that trigger denitrification, such as high soil
moisture, are also favorable for the reproduction and growth
of these earthworm functional groups. However, there are
many reasons why endogeic and epigeic earthworms are
associated with higher bacterial denitrification activity in
this context. For example, the earthworm gut is an anaerobic
environment that supports a variety of microorganisms ca-
pable of producing N,O through denitrification (Horn et al.,
2006). Abundant earthworm populations also recycle mine-
ral N through earthworm N excretion/secretion or earthworm
death (Whalen et al., 2000), providing a source of inorganic
N (available substrate) for soil denitrifiers. Endogeic and
epigeic earthworms inhabit surface soil, which is where bac-
terial denitrifiers are more abundant and active. Additionally,
endogeic earthworms have an indirect effect on the soil struc-
ture through burrowing and casting activities, which could
influence water flow and create anaerobic microsites that
are a preferred habitat for bacterial denitrifiers. The impacts
of earthworm-created biostructures on soil structure and
hydrology in relation to denitrification have been reported
in laboratory incubations (Giannopoulos et al., 2010) and
simulated riparian streams (Costello and Lamberti, 2008,
2009). Lubbers et al. (2013a) found a large effect of the
epigeic earthworm L. rubellus on NoO under managed grass-
land, which was partially attributed to the restructuring of
the soil environment. However, endogeic earthworms may
be more influential than epigeic earthworms because of their
larger body size and geophagous feeding habit that create a
more extensive network of burrows and surface/subsurface
casts (Whalen e al., 2004). The importance of biostructures
created by endogeic earthworms for denitrifiers could be a
fruitful avenue for future research, particularly under field
conditions.
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Temporal factors rather than spatial factors overrule deni-

trification in riparian soils

Stepwise multiple regression consistently showed that
DEA was related to soil moisture, inorganic N concentra-
tion, and earthworm functional groups (particularly the end-
ogeic earthworms). Soil moisture significantly affected DEA,
which was also observed in the strong positive correlation
between these variables throughout this study. In a managed
grassland, Lubbers er al. (2013a) suggested that moisture
was the key factor controlling the N,O flux in fall, but in
spring, the key factor was temperature. Soil inorganic N
concentration and, to a lesser extent, soil C:N ratio, represent
the available substrates. In the natural riparian buffer of our
study, available substrates came from local vegetation and
upstream N input, which was further controlled by the plant-
growing season and seasonal flooding events. Denitrifiers
apparently had no substrate limitation, based on the consis-
tency in DEA and denitrifier gene copies (nirS and nosZ), in
both the temporally flooded and non-flooded riparian soils.
Denitrifier bacteria, like those in earthworms, were more
responsive to temporal than spatial factors in the specific
riparian buffers.

CONCLUSIONS

The temporarily flooded riparian soil supported appro-
ximately 12 times greater population and biomass of earth-
worms than the riparian soil that was not flooded. This
demonstrates the importance of seasonal fluctuations in
soil moisture to the abundance and diversity of earthworms
in riparian areas. Our work on the temporal dynamics of
earthworm population and denitrifying activity provides
compelling evidence that endogeic and epigeic earthworm
functional groups are associated with DEA in temperate ri-
parian buffers. Earthworms may contribute to denitrification
through their decomposition and N cycling activities as well
as by providing favorable microsites (in the gut, burrows,
and casts) for denitrifiers. Consequently, the denitrification
potential of riparian buffers can be attributed, in part, to
interactions among earthworms and denitrifiers.
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