Applied Soil Ecology 98 (2016) 177–194

Contents lists available at ScienceDirect

Applied Soil Ecology
journal homepage: www.elsevier.com/locate/apsoil

Above and below-ground nutrient cycling: a criteria for assessing the
biogeochemical functioning of a constructed fen
Felix Nwaishia,* , Richard M. Petroneb , Merrin L. Macraeb , Jonathan S. Priceb ,
Maria Strackb , Robin Slawsonc , Roxane Andersend
a

Dept. of Geography & Environmental Studies, Wilfrid Laurier University, Waterloo, Ontario N2L 3C5, Canada
Dept. of Geography & Environmental Management, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
Dept. of Biology, Wilfrid Laurier University, Waterloo, Ontario N2L 3C5, Canada
d
Environmental Research Institute, University of the Highlands and Islands, Thurso Caithness, Scotland KW14 7JD, United Kingdom
b
c

A R T I C L E I N F O

A B S T R A C T

Article history:
Received 17 August 2015
Received in revised form 15 October 2015
Accepted 19 October 2015
Available online 4 November 2015

Recent peatland restoration studies have highlighted the need to modify the conventional approach of
monitoring the recovery of biogeochemical functions through above-ground processes by integrating
below-ground components, which are potentially sensitive indicators of reclamation trajectory in longterm monitoring programs. In this study, the recovery of nutrient cycling processes were assessed from
both above and below-ground perspectives in a fen constructed on a post-mining landscape in the
Athabasca oil sands region, Canada. The goal of this study was to understand if and how different
revegetation strategies (seedlings (SDL); moss layer transfers (MLT); seedlings with moss transfer (SMLT)
and a control treatment (CTRL)) inﬂuence the evolution of biogeochemical functions in the constructed
fen relative to a natural reference (REF). The treatments were replicated 6 times and monitored over
2 growing seasons. Our results showed that revegetation facilitated both above-ground productivity and
the cycling of below-ground nutrients, especially in the species-rich SMLT plots. Supply of labile
substrates in the re-vegetated plots increased microbial potential activity. This was reﬂected in higher
rates of respiration (c.7.8 g CO2 m 2 day 2), nutrient acquisition (net immobilization) and productivity (c.
16.3 g CO2 m 2 day 2) among revegetated plots relative to the CTRL. Nutrient dynamics within the
constructed fen suggest that phosphorus limitation (N:P ratio > 20) could hamper the establishment of a
diverse plant community, whereas the build-up of microbial biomass appears to be NO3 limited. Our
results also emphasize the need to track the evolution of nutrients cycling processes through long-term
monitoring programs, and identify the potential use of ammoniﬁcation, nitrogen mineralization and
phosphorus availability as functional indicators of a fen’s recovery trajectory towards conditions present
in natural fens.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
The often observed overlap between deposits of natural resources
and pristine ecosystems (Durán et al., 2013; Kobayashi et al., 2014)
suggests that meeting the increasing global resource demand
through mining will inevitably be associated with the loss of vital
ecosystems and supported services (Sims et al., 2013; Soni et al.,
2014). Resource exploration sites are known hotspots of environmental change, where the need to ensure sustainability remains a
critical challenge to environmental stakeholders (Audet et al., 2015;
Giurco and Cooper, 2012; United Nations, 2012). As with any
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responsible mining operation around the world, implementation of
ecosystem-scale ecological reclamation is a regulatory requirement
and a major aspect of mine-closure procedures in the Athabasca oil
sands region (AOSR), Canada. In this region, minerotrophic peatlands
(fens) are the dominant wetland type in pre-mining landscapes (Vitt
et al., 1996). Fens such as those found in the region, are known to
support vital ecosystem services such as the regulation of nutrient
cycling and carbon sequestration, and hence are of major importance
to regional and global biogeochemical cycles (Blodau, 2002; Vitt
et al., 2000). These peatlands are lost through oil sands exploration
(Rooney et al., 2012); however, reclamation efforts are testing the
feasibility of re-creating functional and self-sustaining fen ecosystems on post-mining landscapes (Daly et al., 2012).
Currently, there are two pilot fen projects in the Athabasca oil
sands region, which were built by reconﬁguration of the post-
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mined landscape with overburden materials (Ketcheson et al.,
2015). To form the fen watershed, a shallow basin created within
the constructed landscape was capped with a layer of peat (0.5–
2 m) from a donor site (Price et al., 2010; Wytrykush et al., 2012). In
the fen created on the Suncor Energy Inc. site, vegetation was
introduced using four revegetation strategies: a seedling treatment; a moss layer transfer treatment; a combination of seedling
with moss transfer; and a control (no vegetation) (Daly et al., 2012).
Following implementation of these revegetation strategies, a
comprehensive ecohydrological monitoring program was initiated
to assess the development of ecological and hydrological processes
in the constructed fen. One major objective of this monitoring
program is to identify the revegetation strategy that has the
highest potential to facilitate the recovery of ecosystem biogeochemical functioning in a constructed fen, and ensure a stable
successional trajectory.
Evaluating the functional state of the constructed fen through a
comprehensive ecohydrological monitoring program is imperative
to understanding the reclamation trajectory. An evaluation based on
microbially-mediated nutrients cycling processes has been proposed as essential for assessing the functional state of the fen
(Nwaishi et al., 2015a). The central aspect of this evaluation involves
exploring the recovery of biogeochemical transformation functioning, an integral mechanism of peatland ecosystem functioning. The
appropriateness of this concept is grounded on the potential of
exploring the sensitivity of microbial-mediated processes to a range
of variability in biotic and abiotic conditions (Artz et al., 2008;
Jaatinen et al., 2008; Keller et al., 2006; Lin et al., 2012), which can
then be used as a criterion to deﬁne the functional characteristics
that might evolve in a constructed ecosystem (Harris, 2003; RuizJaen and Aide, 2005), where multiple successional pathways are
possible and an endpoint is unknown.
Under pristine conditions, biogeochemical transformations
support the cycling of various forms of nutrients, and maintain
the continuous ﬂow of energy and matter between ecosystem
trophic levels. The overall ecosystem biogeochemical cycling is a
combination of above-ground (e.g. net ecosystem exchange of CO2
and gross productivity) and below-ground (e.g. nutrient cycling
processes and microbial activity) components. Soil microbes are
the biological engine of the below-ground component of nutrients
cycling processes, and soil edaphic variables such as substrate
quality, water chemistry, moisture conditions and peat temperature control microbial activities, and thus the mineralization rate
(Updegraff et al., 1995; Westbrook et al., 2006). At the same time,
mineralization is often a major control on nutrient turnover, net
ecosystem exchange of CO2 and subsequent productivity of surface
vegetation in peatlands (Keller et al., 2006). This feedback loop
creates a tight coupling between above and below-ground
nutrients cycling processes in natural peatlands. Plants serve as
the biological link connecting above and below-ground nutrients
cycling processes by supporting microbial activities through
rhizodeposition, and depending on microbially-mediated nutrient
supply for above and below-ground biomass productivity (Bragazza et al., 2015; Van Der Heijden et al., 2008; Wardle et al., 2004).
Since the biogeochemical functioning of an ecosystem is sustained
by the feedback mechanism between above and below-ground
processes, assessing the recovery of this mechanism may be a
useful criteria for deﬁning the functional state of a constructed fen
ecosystem (Wardle and Peltzer 2007; Nwaishi et al., 2015a).
Because fen construction is still at an experimental stage, there is
a dearth of information on the state of biogeochemical functionality
of these new ecosystems. Previous studies have focused on natural
peatlands and provided some indications of key controls on
processes such as nutrient mineralization (Aerts et al., 1999;
Bridgham et al., 1998), organic matter accumulation (Belyea and
Clymo 2001) and carbon cycling (Bellisario et al.,1999; Blodau 2002;

Keller et al., 2006; Strack et al., 2009). However, it is not yet known if
the mechanisms that sustain the feedback loop between above and
below-ground processes can be established in constructed fens.
Indeed, since the biotic and abiotic controls of nutrients cycling
processes are compromised in post-mining landscapes (Johnson and
Miyanishi 2008; Rooney and Bayley 2011), there is a possibility that
nutrient cycling processes will also be modiﬁed. For instance,
Nwaishi et al. (2015b) showed that the peat soil used as vegetation
establishment substrate in the constructed fen has a higher bulk
density, and lower organic matter and moisture content than
undisturbed sites. This was attributed to drainage and subsequent
decomposition of peat before it was transferred to the constructed
fen (Nwaishi et al., 2015b). Studies examining the effect of peat
degradation on nutrient dynamics suggest that the quality of peat
substrate is a major control on nutrients cycling processes (Updegraff
et al., 1995), which could be attributed to the substrate dependency
of below-ground microbial communities (Fisk et al., 2003; Andersen
et al., 2010a). Hence, the introduction of labile substrates to the
constructed fen is crucial to the recovery of microbially-mediated
processes. Although revegetation introduces new plant materials
into the constructed ecosystem, the different revegetation strategies
under trial in the constructed fen will likely have different effects on
below-ground microbial community and function (Fisk et al., 2003;
Kowalchuk et al., 2002; Zak et al., 2003), and also on available
nutrient pools due to differences in vegetation nutrient demands
(Aerts et al., 1999).
Our study explores the temporal trends in microbiallymediated processes of carbon (C), nitrogen (N) and phosphorus
(P) cycling, as quantiﬁable proxies of biogeochemical transformation function, by building on established knowledge from previous
peatland studies (Andersen et al., 2013; Macrae et al., 2013; Strack
et al., 2009; Wood et al., 2015). Here, we report nutrient dynamics
and edaphic conditions in a constructed fen over the ﬁrst and
second growing seasons post-construction. The speciﬁc objectives
of the study are: (1) to evaluate the effect of different revegetation
treatments on temporal variability in above and below-ground
processes, relative to a natural analogue; (2) to determine the
effect of revegetation treatments on the strength of the association
between above and below-ground processes, and the relationship
with environmental variables; and (3) to identify ecosystem
processes that can be explored as potential key indicators of
biogeochemical functions in a constructed fen.
We hypothesize that nutrient dynamics in the moss transfer
plots will mirror the processes dominant in natural analogues,
while soil nutrient pools will be reduced in seedling plots in
response to high nutrient demands by vegetation. Given the
recalcitrant nature of the peat substrate, we also hypothesize that
following revegetation; microbial nutrient immobilization will be
the dominant process, especially in the seedling plots, as microbes
will favour the accumulation of biomass.
2. Materials and methods
2.1. Site description and preparation
The ﬁeld research for this study took place at a natural peatland
(Poplar fen) and a constructed fen on the Suncor Energy Inc.,
Millennium lease (Suncor pilot fen). Both are located within the oil
sands development area, about 50 km north of Fort McMurray,
Alberta. A general description of the study area, and speciﬁc
information about the two study sites were presented in Nwaishi
et al. (2015b). Six monitoring plots (measuring 2 m2 and 10 m
apart) that represent typical site conditions were selected in the
natural peatland to serve as a reference for the study (REF). In each
reference plot, monitoring spots were located at the interface of
micro-topographic features (hummocks and hollows) for relative
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comparison with the constructed fen, which lacks microforms. The
3 ha Suncor pilot fen was constructed with 2 m of peat, whose
source was from a treed fen similar to the reference fen. The
experimental design was laid out as series of blocks and planted in
the summer of 2013, using a randomized split-block design with
12 replicates. Each block had four main vegetation plots that were
approximately 16  17 m and included: (1) seedlings only (SDL);
(2) moss layer transfers (MLT); (3) seedlings with moss transfer
(SMLT); (4) a control treatment (CTRL). It is worthy to note that the
CTRL plots were split into two, to accommodate a seed sowing
treatment. However, only the untreated CTRL (unseeded) plot was
used as the CTRL for this study. Each vegetation plot was split into
four 8  8.5 m sub-plots to test the effects of wood-strand mulch/
weeding treatment, mulch/no-weeding treatment, no-mulched/
weeding, and no-mulched/no-weeding. For the purpose of this
study, monitoring was only conducted on the mulch/weeding and
no-mulch/weeding sub-plots. We chose to focus on weeded
treatments to allow for a relative comparison of our results with
natural analogues with similar peatland plant communities. Thus,
in all the plots, unwanted species were clipped at the base
throughout the seasons and disposed of off-site. Following Poulin
et al. (2013), the species targeted in the weeding campaigns
included Ranunculus sceleratus,Sonchus arvensis, Typha latifolia,
Brassicaceae sp., Chenopodium album, Urtica dioica, Matricaria
matricarioides, and Senecio congestus.
The harvested moss layer used in the MLT consisted of plant
propagules and target moss species that are regionally abundant
(Chee and Vitt, 1989), and have exhibited suitable tolerance to oil
sands process water (Pouliot et al., 2012). The dominant moss species
that were introduced through the moss layer transfer included;
Campylium stellatum and Tomenthypnumspp. Vascular plants were
also transferred with the moss layer as rhizomes and seeds present
in the transferred materials. The SDL consist of saline (Juncus
balticus seedlings, Calamagrostis inexpansa seedling, Triglochin
martima) and freshwater (Carex aquatilis, Betula glandulosa, Oxycoccus microcarpus, Sarricena purpurens) peatland plant species.
Some of these seedlings did not establish successfully. Consequently, in the second growing season (May–August, 2014), the SDL and
SMLT plots were dominated by C. aquatilis and J. balticus. However,
relative to the SDL plots, the SMLT plots host a more diverse plant
community. C. aquatilis and the weeds targeted in the weeding
campaigns spontaneously established on some of the CTRL plots in
the second growing season. Due to the high degree of heterogeneity
within the site, 24 monitoring sub-plots, consisting of four
treatments and six replicates (n = 6 per plot for each of the
4 treatments) were selected to represent typical site conditions.
2.2. Peat physicochemical properties
Comprehensive ecological monitoring of the constructed fen
commenced in July 2013, following completion of vegetation
introduction. However, before vegetation was planted on the
proposed monitoring plots, a set of two shallow peat cores (15 cm
deep) were collected side by side for peat physical and chemical
analysis. This sampling campaign was repeated again at the end of
the ﬁrst growing season, and beginning and end of the second
growing season. In all cases, samples were processed for bulk
density, organic matter content, gravimetric moisture content, soil
pH, electrical conductivity and extractable nutrients (KCl-extractable N and water-extractable P) using the standard techniques as
described in detail in Nwaishi et al. (2015b).
2.3. Nutrient mineralization and supply rates
The rates of net nutrient mineralization and supply to plant
roots were measured simultaneously in all selected monitoring
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plots. The measurements were conducted twice in the ﬁrst
growing season, and three times in the second growing season
to capture early (May–June), middle (June–July) and late (July–
August) season nutrient dynamics. In the second growing season,
monitoring was extended to the natural site (REF) for relative
comparison with the constructed fen. Each measurement cycle in
both growing seasons lasted approximately 30 days. For the
mineralization experiment, two adjacent “paired” peat cores
(15 cm deep) were extracted from all the monitoring plots using
a PVC pipe that was cut to the speciﬁed depth. One of the extracted
cores, referred to as the ‘pre-incubation’ core was processed and
analyzed for pre-incubation concentrations of extractable ammonium (NH4+), nitrate (NO3 ) and soluble reactive phosphorus (SRP)
as described by Hart et al. (1994). The second core was used as the
incubation core for in-situ net mineralization, following the
buried-bag method described by Eno (1960). After the incubation
period, cores in the buried bags were recovered and returned to the
lab in a cooler ﬁlled with ice-packs, and processed for extractable
NO3 , NH4+ and SRP (Hart et al., 1994).
Processing of peat samples for extractable nutrients involved
the removal of two sub-samples ( 10 g wet weight) from each
sample and placement in a specimen cup. One sub-sample was
extracted with 50 ml of 2 M KCl (for determination of NH4+ and
NO3 ), while the second sub-sample was extracted with double
de-ionized water (for determination of SRP). The solutions were
shaken for 1 h to dissociate the peat, and the extractants were
gravity ﬁltered into another specimen cup using a 1 mm porosity
ﬁlter paper (Whatman no. 42). Filtered extractants from the
processed pre-incubation and incubation cores were frozen until
analysis at the Biogeochemistry Lab at University of Waterloo (Bran
Luebbe AA3, Seal Analytical, Seattle, U.S.A., Methods G-102-93
(NH4+), G-109-94 (NO3 + NO2 ), and G-103-93 (SRP)). Since the
drying of samples can enhance extractable nutrient pools (e.g. Pote
et al., 1996), ﬁeld moist samples were used for nutrient extractions.
However, to permit the expression of extractable nutrient pools
and net mineralization rates in per unit dry weight of peat (Macrae
et al., 2013), the moisture content of the each peat sample was
determined. For every incubation period, net nitriﬁcation, net
ammoniﬁcation and net P mineralization rates (mg g 1 dry
peat day 1) were estimated as the average difference between
the post-incubation concentrations of NO3 , NH4+ and SRP in the
incubated core, and the pre-incubation concentrations of NO3 ,
NH4+ and SRP in the pre-incubated cores. Hence, negative values
were used to denote nutrient immobilization, while positive values
denote net nutrient release to pore water. Net N mineralization
rates were estimated as the sum of net nitriﬁcation rate and net
ammoniﬁcation rates.
Nutrients supply rates were measured using plant root
simulator (PRS)TM probes (Western Ag Innovations Inc., Saskatoon,
SK). The PRSTM probe is a 10 cm2 resin membrane held in a plastic
applicator handle that can be easily inserted into the soil for in-situ
measurement of nutrient anions and cations supply to soil
solution, when left to incubate for a set period (MacKenzie and
Quideau, 2010). Nutrient supply estimates (mg 10 cm 2 incubation
period 1) obtained with the probes integrate the effect of
temperature and moisture on nutrient ﬂuxes during the incubation
period (Qian and Schoenau 1995, 2002). The resin membrane in
the anion probes (orange colour) are positively-charged to
simultaneously attract and adsorb all negatively-charged anions,
such as NO3 , phosphate (H2PO4 , HPO42 ), and sulphate (SO42 ).
Conversely, the membrane in the cation probes (purple colour) is
negatively-charged, to simultaneously attract and adsorb all
positively-charged cations, such as ammonium (NH4+), potassium
(K+), calcium (Ca2+), and magnesium (Mg2+).
Prior to use in the ﬁeld, the anion and cation membranes were
recharged by saturation with HCO3 and Na+ ions, respectively.
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Thus, when buried, soil ions displace the counter-ions at a rate that
depends on their activity and diffusion rate in soil solution
(Western Ag Innovations Inc., Saskatoon, SK). The probes were
buried vertically to a depth of 15 cm, at four randomly selected
spots in each monitoring plot, and left to incubate (concurrent with
nutrient mineralization incubations). At the end of each incubation
cycle, the probes were recovered from the plots, washed with
deionized water, and stored in a cool box, which was returned to
Western Ag Innovations Inc., at the end of each growing season for
elution with 0.5 M HCl and subsequent nutrient analysis. Western
Ag Innovations determines NO3 , NH4+, and PO43 with the same
standard colorimetric technique used in analyzing the mineralization incubation nutrient concentration.
2.4. Analysis of microbial potential activity and functional diversity
The community level physiological proﬁles (CLPP) of belowground microbes was explored as a measure of microbial potential
activity and functional diversity, using the MicroRespTM system
(Campbell et al., 2003), following a protocol modiﬁed for peat as in
Andersen et al. (2013). It is worthy to note that this method was
applied to screen the active portion of microbial communities
associated with nutrient cycling processes. The data from this
method will be complemented by ongoing molecular characterization study by the authors. Samples for the analysis were
collected from all the monitoring plots, within 2 weeks after the
commencement of mineralization and ionic resin incubation
experiments. Due to logistical challenges, the analysis was done
once in the ﬁrst growing season (during the late season
incubation), but was completed three times (early, middle and
late) in the second growing season. For each of these sampling
campaigns, peat samples were collected at a depth of 0–15 cm at
5 spots within four randomly selected 2 m2 quadrats (adjacent to
the buried bags and probes) in each monitoring plot. The samples
were homogenised in a Ziploc bag, and kept at 4  C during transfer
from the ﬁeld to the lab, where analysis commenced within a week
of sample collection.
In the lab, a portion of each peat sample was used to determine
the moisture content gravimetrically. For the analysis, each deep
well plate (96 wells) contained samples from three monitoring
plots (32 each). About 0.30 g of peat was weighed into each well,
and incubated for 72 h at 25  C, in the absence of light. After the
incubation, 15 carbon sources and water (as a negative control)
were added to the peat in each deep well, and replicated twice for
each sample. Fourteen (14) out of the 15 carbon sources used in this
study included a selection of carbohydrates (fructose, arabinose,
glucose, trehalose, N-acetylglucosamine), amino acids (arginine,
lysine, alanine) and carboxylic acid (oxalic acid, citric acid, malic
acid, g-aminobutyric acid, a-ketoglutarate, cysteine) commonly
found in root exudates. Oil sands process water (OSPW) was also
used as a carbon source, since it is anticipated to be the main water
source from the constituent materials used in constructing the
slopes surrounding the fen (Nwaishi et al., 2015a). It is worthy to
note that cysteine, oxalic acid and OSPW were not available during
the ﬁrst growing season’s analysis.
Detection plates, containing indicator gel made from selected
compounds were read in a microplate reader at an absorbance
wavelength of 570 nm before and after 6 h of incubation at 25  C.
The difference between the absorbance for each deep well after 6 h
and at time zero (0) was used to estimate the rates of CO2
production from individual wells. Microbial potential activity for
each sample was estimated as the average well colour development (AWCD) = Spi/n (p), where Spi is the sum of respiration
activities induced by response of soil microbes to all substrates and
(p) is the number of carbon substrates used. Microbial functional
diversity consists of both catabolic richness and evenness (Degens

et al., 2001; Zak et al., 1994). Since all the substrates were utilized
by soil microbes, we focused on the comparison of catabolic
evenness as a measure of functional diversity between plots.
Catabolic evenness, the variability in substrate use across the range
of substrates tested, was estimated from the respiration response
proﬁles as E = 1/Spi2 (Magurran, 1988; Degens et al., 2001).
2.5. Field measurement of net exchange of CO2
Fluxes of CO2 were measured from all the monitoring plots in
the natural and constructed fen. Measurements were made
simultaneously with all the nutrient incubation experiment cycles,
on a biweekly basis. An average of all the ﬂux measurements
obtained for individual plots, during growing season was used to
estimate the average daily plot-scale ﬂuxes for the same periods as
the other experiments in both growing seasons. In the SDL and
SMLT plots, ﬂux measurements were duplicated to capture any
difference between the saline (J. balticus) and fresh water (C.
aquatilis) vegetation communities.
The procedure and instruments used in measuring CO2 ﬂuxes
followed the description of Munir et al. (2014). Brieﬂy, a chamber
made of clear acrylic, with a dimension of 60  60  30 cm
(L  W  H), was placed over a 60  60 cm steel collar, and
permanently inserted 20 cm into the ground for the measurement. Instantaneous CO2 concentration in the chamber was
monitored with a portable infrared gas analyser (PP Systems,
USA, EGM—4). To achieve equilibrium in CO2 concentration
between measurements, the chamber was lifted from the collar
until temperature and CO2 concentrations returned to ambient
levels. Two small battery-operated fans were attached to the
chamber to continuously circulate the air inside during the
measurement. Other measurements taken simultaneously with
the ﬂux measurement included the temperature inside the
chamber, measured with a thermocouple thermometer (VWR
Int., USA); and photosynthetically active radiation (PAR), measured
with a quantum sensor (PP Systems, USA) placed at the top of the
chamber. All measurements were taken at 15 s intervals for up to
1.75 min. Soil temperature was also measured in all the plots, at the
depths of 2, 5, 10, 15, and 20 cm using a thermocouple.
Plot-scale net exchange of CO2 (NEps) was calculated using
linear change in CO2 concentration inside the chamber headspace
with time, as a function of volume, air temperature and pressure
inside the chamber, according to the ideal gas law. To obtain an
estimate of plot scale respiration (Rps), CO2 ﬂux measurements
were also taken in the dark by covering the clear chamber with an
opaque shroud. Plot scale productivity (GEPps) was estimated as
the difference between NEps and Rps.
2.6. Statistical analyses
R (R Development Core Team, 2013) was used to perform all the
statistical analyses. Prior to analyses, all the response variables
were tested for normality of distribution, and when required,
appropriate transformations were implemented to meet the
assumptions of parametric statistics. We tested the effect of the
mulch treatment on all the measured variables, and only found
signiﬁcant effects on EC. Hence, for data analysis, we treated the
mulch and no-mulch plots as replicates of the revegetation
treatments. We used a one-way analysis of variance (function
“aov”, package “stats” (Chambers et al., 1992)) to test the difference
in soil physicochemical properties and environmental variable
between the study plots. Linear mixed effect model (function
“lme”, package “nlme” (Pinheiro et al., 2011)) was used to test the
effect of revegetation treatments (ﬁxed factor) on above and
below-ground process over the growing season monitoring cycles
(random factor). A multiple comparison test for signiﬁcant
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Table 1
Physicochemical properties (mean  std. dev.) of the control (CTRL), moss layer
transfer (MLT), seedling (SDL), seedling + moss (SMLT) and the natural reference site
(REF) showing organic matter, bulk density, pH and electrical conductivity (EC). The
characters a, b, and c are used to indicate signiﬁcant differences (Tukey HSD test)
between treatments.
Sites
REF
MLT
SDL
SMLT
CTRL

Organic matter (%)
c

Bulk density (g cm
a

85  3
66  4b
61  8ab
65  6b
57  12a

0.09  0.01
0.24  0.05bc
0.25  0.06bc
0.22  0.03b
0.29  0.11c

3

)

EC (ms cm

pH
a

6.9  0.4
7.8  0.1b
7.8  0.2b
7.8  0.2b
7.8  0.2b

1

)

a

226  68
1022  426b
1211  566b
1043  527b
1226  656b

difference between the revegetation treatments was conducted on
the model output using post hoc analyses (Tukey) built into a
general linear hypothesis function (“glht”, package “multcomp”
(Bretz et al., 2015)).
The temporal variability in above and below-ground processes
was also tested with a one-way permutational ANOVAs (function
“lm”, package “stats”). Pearson’s correlation analysis was used to
analyse the strength of associations (potential biological link)
between above and below-ground processes in each revegetation
treatment. To identify ecosystem processes that are potential
indicators of ecosystem function, we used principle response curve
(function “prc”, package “vegan”), which was suggested as an
efﬁcient approach to identify drivers of change in the context of
ecological restoration (Poulin et al., 2013). Growing season
nutrient cycling data, collected in the ﬁrst 14 months after
revegetation of the constructed fen was used to construct the PRC
graphs (Fig. 4a and b). Data collection within the 14 months period
focused on the frost-free months; as below-ground processes are
known to slow during the winter months as a result of changes in
edaphic conditions such as temperature (Devito et al., 1999). The
signiﬁcant level for all statistical tests was p  0.05.
3. Results
3.1. Physicochemical properties and environmental variables
Relative to the natural fen (REF), peat in the constructed fen
plots had signiﬁcantly lower organic matter (F4, 90 = 27.9, p
< 0.001), and peat moisture content (F4, 90 = 16.37, p < 0.001) but
higher bulk density (F4, 90 = 19.79, p < 0.001) and EC (F4, 91 = 10.77,
p < 0.001; Table 1). Post hoc tests indicated that in the constructed
fen, re-introduction of vegetation through the moss transfer
treatment (i.e. MLT and SMLT) signiﬁcantly increased the organic
matter content (p = 0.008) and reduced bulk density (p = 0.005)
over time, especially when combined with the seedling treatment
(SMLT). Peat with high organic matter content also had higher
moisture content (R = 0.74, p < 0.001), lower EC (R = 0.54, p
< 0.001) and lower bulk densities (R = 0.89, p < 0.001). Bulk
density correlated negatively with moisture content (R = 0.83,
p < 0.001) and positively with EC (R = 0.45, p < 0.001).
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Environmental control variables such as, water table depth, peat
temperature and PAR showed a similar seasonal trend in all the sites,
but also varied between the natural and constructed fen plots
(Table 2). Water table depths decreased throughout the growing
season, whereas peat temperature increased; however, water table
position and temperature were not correlated (p > 0.05). Relative to
the natural fen, the constructed fen had a deeper water table
(F4, 133 = 5.18, p < 0.001), higher temperature (F4, 133 = 11.3, p < 0.001)
and PAR (F4, 109 = 6.38, p < 0.001; Table 2). The lower water table in
the constructed fen was consistent for all plots except the SMLT plots
that maintained a shallow water table that was not signiﬁcantly
deeper than that of the natural fen (p > 0.05; Table 2).
3.2. Nutrient dynamics
Seasonal patterns in NO3 N dynamics were observed in all the
sites. In the constructed fen, concentration of extractable NO3 pools
increased through the growing season but decreased in the REF
(Fig. 1a). However, when the three incubations were pooled,
extractable NO3 pools did not differ among the REF and constructed
fen treatments. Net nitriﬁcation exhibited negative rates (i.e.
immobilization or denitriﬁcation) at all the sites, except in the
REF where daily net nitriﬁcation rates increased later in the growing
season (Fig. 1b). This late season increase in net nitriﬁcation was
reﬂected in an increase of NO3 supply in the natural fen (Fig. 1c). In
contrast to what was observed for extractable NO3 pools (Fig. 1a),
no distinct seasonal pattern was observed for NO3 supply rates in
the constructed fen (Fig. 1c). NO3 supply rates were greater in the
CTRL and MLT plots relative to the REF and plots with vascular plants
(SDL and SMLT). A strong correlation (R = 0.82, p < 0.001) was
observed between NO3 N cycling processes in the natural fen
whereas in the constructed fen, a stronger correlation was observed
between extractable NO3 pools and net nitriﬁcation rates in the
SDL (R = 0.95, p < 0.001) and SMLT (R = 0.97, p < 0.001) plots.
NO3 N cycling processes were comparable across the study sites,
but proceeded at signiﬁcantly different rates at different times over
the growing season (F1, 136 = 3.33, p = 0.03).
Concentration of extractable NH4+ N pool was lower in the
constructed fen (Fig. 2d; F4, 131 = 8.77, p < 0.001), and did not vary
over the growing season except in the SMLT plot, which followed a
decreasing seasonal pattern similar to that observed in REF (Fig.1d).
Net ammoniﬁcation rates showed a decreasing seasonal pattern in
the REF, but remained positive for all sites through the growing
season. Net ammoniﬁcation rates were signiﬁcantly lower in the
constructed fen (F4, 131 = 28.94, p < 0.001) but did not differ among
treatments within the constructed fen. Given that NH4+ dominated
total inorganic N (TIN) cycling processes across sites, net Nmineralization (Fig. 2b; F4, 131 = 48.22, p < 0.001) and concentrations
of TIN pools (Fig. 2a; F4, 131 = 5.51, p < 0.001) were higher in the REF
and also decreased over the growing season. Among the constructed
fen plots, similar seasonal patterns and higher rates of net Nmineralization were observed in the SDL and SMLT plot (Fig. 2b).
Net P mineralization rates (Fig. 2e) did not vary signiﬁcantly
(F4, 131 = 1.83, p > 0.05) among the study sites. Seasonal patterns in

Table 2
Growing season proﬁles of environmental variables showing means (std. dev.) of water table, moisture content, average peat temperature and photosynthetically active
radiation (PAR) at the beginning (B), middle (M) and late (L) periods of the growth seasons across the study sites.
Sites

Watertable depth (cm)
Begin

REF
MLT
SDL
SMLT
CTRL

0.8  0.2
11.5  14
3.7  5
1.0  2
3.7  5

Mid
0.2  0.4
11.5  13
6.6  5
3.9  3
7.2  8

Late
5.3  0.5
9.4  13
7.1  5
4.4  4
6.5  8

Moisture content (% Grav.)

Average peat temp. 0–15 cm depth ( C)

PAR (mmol m

Begin

Mid

Late

Begin

Mid

Late

Begin

Mid

Late

90  2
78  2
78  2
82  2
76  7

90  1
78  4
77  6
81  3
73  10

89  1
79  2
76  7
77  7
71  11

11.4  1.7
15.8  2.3
17.4  2.6
16.2  0.6
15.5  1.5

14.7  1.2
17.6  1.2
17.7  1.3
17.4  0.5
17.0  1.1

17.3  0.7
18.2  1.8
18.3  1.9
17.9  1.4
18.3  1.7

359  289
880  156
578  333
534  106
465  309

423  415
1039  450
1039  438
929  439
1057  307

267  126
882  352
821  330
787  386
772  277

2
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Fig. 1. Growing season dynamics of extractable NO3 (a) and NH4+ (d) pools (mean  std. err.), daily net nitriﬁcation rate (b) and ammoniﬁcation rates (e; mean  std. err.),
and daily NO3 (c) and NH4+ (f) supply rates (mean  std. err.) across the control (CTRL), moss layer transfer (MLT), seedling (SDL), seedling + moss (SMLT) and the natural
reference site (REF) in the beginning (B), middle (M) and late (L) periods of the growth seasons. The characters a, b, and c are used to indicate signiﬁcant differences (Tukey
HSD test) between treatments.

the concentration of SRP pools (Fig. 2d) were similar between the
natural fen and the plots that received the moss treatment, but
different from the CTRL and SDL plots. Concentrations of SRP were
signiﬁcantly higher (F4, 131 = 4.03, p < 0.001) in the REF and SMLT
than all the other study plots. The daily supply rate of SRP (Fig. 2f)
was negligible in the constructed fen plots, and was signiﬁcantly
higher (F4, 131 = 24.67, p < 0.001) in the natural fen. There was no

signiﬁcant association (R = 0.02, p > 0.05) between P cycling
processes in all the sites.
3.3. CO2 exchange and plot scale productivity
Average seasonal NEEps rates differed signiﬁcantly among the
study sites (Table 3; F4, 107 = 2.71, p = 0.03). However, post hoc tests
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Fig. 1. (Continued)

showed that the difference between NEEps of CTRL and SMLT
(p = 0.009, Table 3) was a major source of variation within the
constructed fen. Relative to the CTRL plots, re-introduction of
vegetation in the constructed fen signiﬁcantly increased the NEEps
sink potential and consequently, higher average seasonal rates of

Rps and GEPps, especially in the SMLT plots (Table 3; p < 0.001).
Generally, among the constructed fen plots, average seasonal rates
of NEEps, Rps and GEPps increased with an increase in vegetation
density and diversity as follows: SMLT > SDL > MLT > CTRL.
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3.4. Microbial potential activity and functional diversity

other monitoring sites decreased linearly over the growing season
(Fig. 3a). However, among the sites that followed a similar linear
decrease in microbial potential activity, the CTRL plots had the
lowest activity rate at the early season peak (Fig. 3a). Microbial
potential activity was positively correlated with concentrations of
extractable N (R = 0.43, p < 0.036) and SRP (R = 0.65, p < 0.001) in

10

The microbial potential activity was not signiﬁcantly different
between the study sites (Fig. 3a; F4, 107 = 1.33, p > 0.05), but it varied
signiﬁcantly over the growing season (F1, 112 = 10.15, p = 0.002).
Apart from the MLT plot, microbial potential activity in all of the
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Fig. 2. Growing season’s dynamics of total inorganic N (a) and SRP (d) pools (mean  std. err.), daily net N (b) and P (e) mineralization rates (mean  std. err.), and daily N (c)
and P (f) supply rates (mean  std. err.) across the control (CTRL), moss layer transfer (MLT), seedling (SDL), seedling + moss (SMLT) and the natural reference site (REF) in the
beginning (B), middle (M) and late (L) periods of the growth seasons. The characters a, b, and c are used to indicate signiﬁcant differences (Tukey HSD test) between
treatments.
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Fig. 2. (Continued)

the constructed fen, but with only SRP in the natural fen (R = 0.52,
p = 0.026). Microbial functional diversity, decreased signiﬁcantly
over time in the constructed fen plots (F1, 112 = 11.3, p < 0.001), but
remained stable throughout the growing season in the natural fen
(Fig. 3b).

4. Discussion
4.1. Impact of revegetation strategies on the recovery edaphic variables
A major challenge in reclamation is recreating suitable edaphic
conditions such as the peat physical properties that support
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ecosystem processes of natural analogues (Audet et al., 2015).
Consistent with the ﬁndings of a previous study (Nwaishi et al.,
2015b), results here conﬁrm that two growing seasons after
revegetation of the constructed fen, characteristics of the peat (e.g.
moisture content, organic matter and bulk density) still vary
signiﬁcantly from that of the natural fen. The key role of these peat
characteristics in nutrient transformation processes (Updegraff
et al., 1995) implies that poor peat quality would likely inﬂuence

the biogeochemical functioning of the constructed fen. However,
our ﬁnding that organic matter content and bulk density in MLT
and SMLT treatments evolved towards conditions at REF is in line
with the idea that revegetation should facilitate the recovery of
natural-like peat characteristics (Nwaishi et al., 2015b).
Thus, introducing fragments from a natural peatlands in
reclamation such as in our moss transfer plots, appears to be an
efﬁcient means of facilitating the recovery of a functional soil
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Table 3
Mean (std. err.) growing season’s measurement of net ecosystem exchange of CO2
(NEE), ecosystem respiration (ER) and gross ecosystem productivity (GEP) across
the control (CTRL), moss layer transfer (MLT), seedling (SDL), seedling + moss
(SMLT) and the natural reference site (REF). Negative values indicate CO2 removal
from the atmosphere, while positive means release to the atmosphere. The
characters a, b, and c are used to indicate signiﬁcant differences (Tukey HSD test)
between treatments.
Sites
REF
MLT
SDL
SMLT
CTRL

NEE
g CO2 m

ER
2

day

7.4  2.5ab
7.5  2.0ab
7.8  1.4ab
10.3  1.6b
1.0  0.7a

GEP

1

13.6  1.9c
5.1  1.1b
7.4  1.1ab
10.9  1.7ac
3.9  1.0b

21.0  2.7a
12.6  2.9ab
15.2  2.3ab
21.2  3.1a
4.9  1.6b

(Bradshaw, 1997; Mackenzie and Naeth, 2010). Similar to other
studies (Bradshaw 2000; Tordoff et al., 2000), the improved soil
characteristics observed in the SMLT plots supports the idea that
artiﬁcially introducing plants can complement the re-establishment and inﬂuence of transferred live vegetation (moss) by
providing structural protection and suitable microclimate, especially under extreme edaphic conditions such as those present in
the constructed fen (Nwaishi et al., 2015b). Our data shows that the
mosses in the MLT plots could not sustain a near surface water
table, which could be attributed to the inability of regenerating
mosses to sustain a strong capillary rise of water and efﬁcient
water retention capacity under degraded peat substrate (McCarter
and Price, 2013). However, in the SMLT plots where MLT was
combined with SDL, we observed a modulation of near surface
water table (Table 2), which is essential to create the redox
conditions that support efﬁcient nutrient cycling in natural
analogues (Nwaishi et al., 2015a).
4.2. Belowground processes in the natural and constructed fens
Revegetation strategies implemented in the constructed fen
inﬂuenced belowground processes in different ways, and these
processes also varied from the natural fen. Our study suggest that
the revegetation of degraded peat facilitates the supply of
photosynthetically-derived carbon sources (through rhizodeposition), which stimulates belowground microbial activity, and
subsequent increase in nutrient uptake (Andersen et al., 2013;
Elliott et al., 2015). For instance, relative to the natural fen, net
ammoniﬁcation (the process of transforming organic-bound N to
NH4+) was likely limited by substrate constraints (recalcitrant peat)
in the constructed fen. However, the input of fresh carbon by the
rhizosphere in plots re-vegetated with seedling treatments (SDL
and SMLT) could over-ride the substrate limitation, resulting in net
ammoniﬁcation rates that are signiﬁcantly higher (p = 0.003) than
rates observed in the un-vegetated CTRL. This is similar to what
was reported in studies looking at microbial processes in oil sand
sites reclaimed using a mixture of peat and mineral soil as a soil
capping layer (peat-mineral mix, PMM), where nitrogen in the
pore water and roots derived from the PMM were the most
important stimulants for microbial growth (Dimitriu et al., 2010;
Noah et al., 2014)
In the natural fen, seasonal variations in the rate and direction
of N-cycling processes (Fig. 2) suggests that belowground
processes change from anaerobic dominance (e.g. ammoniﬁcation)
to become aerobically favourable later in the season, in response to
redox conditions driven by water table ﬂuctuation (Table 2). Lower
rates of microbial potential activity following seasonal water table
drawdown adds support to a dominance of anaerobic microbial
nutrient transformation processes in natural peatlands (Croft et al.,
2001; Andersen et al., 2006). Although anaerobic N-mineralization
also dominated N-cycling processes in the constructed fen, NO3

mineralization (nitriﬁcation) rates did not increase (Fig. 1b) as
redox conditions became aerobically favourable with water table
drawdown later in the growing season (Table 2). This could be
attributed to a dominance of ammonifying bacteria biomass over
nitrifying bacteria in the exposed catotelm peat, which is
anticipated due to absence of the original acrotelm peat (a niche
for nitrifying bacteria) in the constructed fen (Nwaishi et al.,
2015b). Given that microbial catabolic evenness in the constructed
fen (Fig. 3b) correlated positively with water table drawdown
(Table 2), it can be argued that the catabolic potential may be
adversely affected by temporal variation in edaphic conditions due
to low functional diversity (Allison and Martiny, 2008) in the
reclamation plots. Further evaluation of the microbial community
through molecular approaches will help connect belowground
processes with changes in key groups of organisms that may be
associated with disturbances typically found in post oil–sand
landscapes, such as potential contaminants (e.g. poly-aromatic
hydrocarbons) (Noah et al., 2014).
The difference in NO3 supply rates between the CTRL and
seedling treatment plots (SDL and SMLT; Fig. 1c) suggests a higher
competitive demand between vegetation and microbial communities in the rhizosphere of these plots. Despite the seasonal
decline in nitriﬁcation rate (Fig. 1b), we observed an increasing
concentration of extractable NO3 in the constructed fen later in
the growing season (Fig. 1a), which is not reﬂected in the supply
rate (Fig. 1c). Indeed, the strong positive correlation between late
season spikes in extractable NO3 pools and immobilization of
NO3 in the constructed fen concurs with our hypothesis that
following revegetation, microbial nutrient immobilization will be a
dominant process (Weintraub and Schimel, 2003; Westbrook and
Devito, 2004). This is especially true in the seedling plots, as
microbes will favour biomass build-up. Similarly, studies looking
at microbial communities in degraded peat have shown that the
presence of biological drivers such as rhizosphere effect reactivates
microbial activity, which leads to subsequent immobilization of
available N pools and development of an active microbial biomass
(Andersen et al., 2006; Artz, 2009; Fisk et al., 2003; Urbanová et al.,
2011). Consistent with these studies, our results suggest that
interactions between the chemical and biological component of
belowground processes is central to the development of a
functional microbial community, without which the recovery of
biogeochemical functioning in the constructed fen will not be
possible. We suggest that this functional recovery can be
delineated as the time in subsequent growing seasons, from
which microbial immobilization of NO3 is compensated by
increased mineralization rate, leading to the release of NO3 for
vegetative uptake.
The ratio of NH4+/NO3 has been shown to be higher in natural
peatlands, while lower ratios have been reported as a consequence
of accelerated nitriﬁcation associated with peatland disturbances
(Macrae et al., 2013; Nwaishi et al., 2015b; Elliott et al., 2015).
Therefore, the balance between NH4+/NO3 concentrations can be
explored as a functional indicator of the status of N-cycling in the
constructed fen. Unlike the low ratio previously reported by
Nwaishi et al. (2015b), our results indicate that the constructed fen
now has a higher NH4+/NO3 ratio, which is not signiﬁcantly
different from that of the natural fen (F4, 131 = 1.20, p > 0.05). This
balance of inorganic-N ratio may be explained by either the
reduction of NO3 following rewetting of the constructed fen or the
high assimilation of NO3 in the rhizosphere of vascular plants
(Limpens et al., 2004; Wiedermann et al., 2009), which are the
dominant plant species in the constructed fen. Although Nmineralization rates were very low in the constructed fen plots
(Fig. 2b), the concentration of N available for plant assimilation was
similar to that of the natural fen, where higher mineralization was
observed (Figure 2c). The latter suggest the possibility of an
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Fig. 3. Patterns of (a) Microbial potential activity (mean  std. err.) and (b) catabolic evenness (mean  std. err.) during the growing seasons across the control (CTRL), moss
layer transfer (MLT), seedling (SDL), seedling + moss (SMLT) and the natural reference site (REF) in the beginning (B), middle (M) and late (L) periods of the growth seasons. The
characters a, b, and c are used to indicate signiﬁcant differences (Tukey HSD test) between treatments.

exogenous N source overriding microbial N immobilization in the
constructed fen (Gerdol et al., 2006). A study looking at exogenous
N deposition in the Athabasca Oil Sands Region has shown that
terrestrial sites within 30 km radius from the main oil sands
developments are signiﬁcantly affected by industrial contributions
to atmospheric NO3 and NH4+ deposition (Proemse et al., 2013).
The location of the constructed fen makes it susceptible to elevated
deposition of inorganic N from adjacent industrial sites, which will
consequently affect the inorganic N ratio and the balance of N
cycling processes.
The reclamation approach used in the constructed fen involved
the removal of the upper (30 cm) peat horizon to avoid
complicating the vegetation re-introduction experiment with
seedbanks transferred from the donor to the constructed fen.
Considering that higher P concentrations are usually found in the
lost upper peat horizon (Andersen et al., 2006; Damman, 2014;
Litaor et al., 2005), we anticipated a low concentration of P in the
constructed fen. Conversely, our results shows that re-introduction
of live moss and vascular plant rhizomes as part of MLT increased
the average seasonal concentration of SRP, especially in the SMLT
plot, which did not vary signiﬁcantly from the natural fen.
Consistent with previous studies (Andersen et al., 2013; Chapin
et al., 2003), P mineralization was negligible in both the natural
and constructed fen over the two study periods. However, the

concentration of SRP available for plant root assimilation was
signiﬁcantly higher in the natural fen (Fig. 2f), where the upper
peat layer is still intact, and the chance of leaching is reduced by a
stable water table.
4.3. Effect of revegetation strategies on above and below-ground
linkages
The role of plants as the biological link between above and
below-ground processes have been hypothesized and tested in
ecological studies (Kowalchuk et al., 2002; Wardle et al., 2004;
Wardle & Peltzer, 2007). In the species-rich natural fen, a strong
positive association between above-ground plant productivity and
below-ground microbial activities were observed (Table 4).
Nitriﬁcation and P availability are also paramount to the signiﬁcant
correlation between above and below-ground processes in the
natural fen. Interestingly, these below-ground processes are both
known to be limited in natural peatlands (Devito et al., 1999;
Chapin et al., 2003). Thus, peatlands found in the vicinity of
industrial setting might experience an increase in productivity
linked with greater availability of nutrients that are usually found
to be limited in natural peatlands.
Relative to CTRL, the re-vegetated plots in the constructed fen
showed stronger correlations between above-ground productivity
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Table 4
Pearson’s correlation coefﬁcients for signiﬁcantly correlated interactions between above and below-ground processes in the the control (CTRL), moss layer transfer (MLT),
seedling (SDL), seedling + moss (SMLT) and the natural reference site (REF).
Vegetation
treatments

Aboveground Belowground
SRP

REF

NEE
GEP
ER

SMLT

NEE
GEP
ER

SDL

NEE
GEP
ER

MLT

NEE
GEP
ER

CTRL

NEE
GEP
ER

a
b
c

0.53a
0.74c
0.46a

P supply rate Microbial
activity
0.61b
0.75c

Nitriﬁcation
rate

Extractable
NO3

0.65b

NO3 supply
rate

NH4 supply
rate

TIN supply rate

0.61b
0.62c
0.56b

0.68c
0.70c
0.64c

0.73c
0.74c
0.68c

0.55b
0.58b

0.64c
0.74c

0.66c
0.73c

0.55b

0.47a
0.41a

0.52b
0.59c
0.59c

0.49a
0.55b
0.55b

0.56b
0.61b
0.58c

0.52b
0.55b
0.47a
0.51a

Signiﬁcant at the 0.05 probability level.
Signiﬁcant at the 0.01 probability level.
Signiﬁcant at the 0.001 probability level.

and below-ground nutrient cycling processes. The signiﬁcant
positive correlation between above-ground productivity and N
cycling processes in the re-vegetated plots (Table 4) suggest that
higher productivity, especially in the seedling plots, is associated
with N availability. However, P availability signiﬁcantly correlated
with above-ground processes in plots where mosses were
established. Similar patterns were reported by studies looking at
N and P availability in species-rich ecosystems, which suggested
that the P requirements of mosses are larger than those of vascular
plants; hence P limitation and N availability decreases aboveground productivity of mosses and may alter the plant species
composition to the beneﬁt vascular plants (Aerts et al., 1999;
Niinemets & Kull, 2005; Andersen et al., 2006; Limpens et al.,
2011). The highest productivity observed in the vascular plant plots
(Table 3), with N:P ratios greater than 20 (data not shown)
indicates that the nutrient status in the constructed fen is more
favourable to vascular plant establishment. In agreement with
ﬁndings from restoration studies on post-harvested peatlands in
Eastern Canada (Andersen et al., 2010b), our results also suggest
that the availability of P will be a good indicator of the successful
re-establishment of a species-rich plant community in the
constructed fen, but P fertilization might be required to enhance
above-ground productivity of mosses at the initial stage of
revegetation.
4.4. Temporal changes in below-ground processes and functional
trajectory of the constructed fen
Principal response curves (PRC) have been suggested as an
effective approach for tracking the trajectory of reclaimed sites
relative to a natural reference in ecological monitoring (Poulin
et al., 2013; Andersen et al., 2010b). We used PRC analyses to
summarize the dominant temporal patterns in below-ground
processes, and also to identify the key processes that can be used as
functional indicator of ecosystem trajectory. From the ﬁrst axis of
the RDA (Fig. 4a), it appears that ammoniﬁcation (Fig. 1e) followed

by N-mineralization (Fig. 2b) and P supply (Fig. 2f) were the
dominant processes driving the temporal differences between the
natural and constructed fen plots over the period studied. The
observed differences increased at the middle of the growing
seasons, which corresponds with the summer peak, when belowground processes have been reported to be most active (Andersen
et al., 2010a, 2013; Macrae et al., 2013). Our results also shows that
the vegetated plots, especially the SMLT were on a closer trajectory
to the natural fen than the CTRL, and seemingly became more
comparable to each other towards the end of the second growing
season (converging lines). Given that the peak of the difference
between the constructed fen and the natural fen is higher in the
ﬁrst than the second growing season, in the future, it will be
interesting to see if the trajectory of these dominant processes in
the vegetated plots continues a downward trend towards the
natural reference, or if it will remain different than the reference
over time, as was observed in other ecological restoration studies
(Elliott et al., 2015; Mastrogianni et al., 2014).
The second axis of the RDA (Fig. 4b) highlights the secondary
temporal trajectory of below-ground processes in the constructed
fen relative to the natural fen. The PRC shows that relative to the
REF, the concentration of SRP in the nutrient pools is increasing
over time in the constructed fen plots, while N supply processes
(NO3, NH4, and TIN) are decreasing. Considering the variability in
timing of the treatment lines crossing through the reference point
(7 months for SMLT, 8 for SDL, 10 for CTRL and 12 for MLT), it can be
hypothesized that the higher demand for N in vascular plantdominated plots could be driving a reduction in the N:P ratio over
time, leading to the increasing SRP concentration in the nutrient
pools. Lowering of the water table and subsequent redox
conditions could also be contributing to the late season increase
in SRP concentration (Shenker et al., 2005; Zak et al., 2010). With
the exception of the CTRL, convergence of the trajectory lines for all
the re-vegetated plots at the beginning and end of this preliminary
monitoring highlight the inﬂuence of vegetation on the recovery of
below-ground process. Given that PRC results are greatly
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inﬂuenced by the choice of reference site, in the future, the
identiﬁcation of potential functional indicators will be most
efﬁcient if data from more than one reference site within the study
region is used in constructing the PRC plots (Suganuma and
Durigan, 2015)

5. Conclusion and recommendations for future monitoring of
constructed fens
By exploring the temporal patterns in above and below-ground
processes, this study highlights the importance of integrating
these processes in reclamation monitoring. Re-introduction of
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vegetation through the combination of moss layer transfer and
seedling establishment improved the peat quality (e.g. higher
organic matter) relative to the non-vegetated CTRL plots. The
improved peat quality and associated supply of labile substrates
reactivated microbial communities driving below-ground processes, which was reﬂected in higher rates of above and below-ground
respiration in plots with most diverse plant species, speciﬁcally the
SMLT plots. Higher rates of plant productivity, nutrient cycling and
acquisition observed in the SMLT plots could be explained as the
key responses commonly associated with species-rich plant
communities in restoration experiments. Thus, the biological link
between above and below-ground processes are most likely to be
established in plots where fresh substrate supply through
rhizodeposition and/or application of a live moss layer is capable
of reactivating dominant microbial-mediated processes.
From a management perspective, we recommend that future
ecological monitoring aimed at tracking the recovery of biogeochemical functions in constructed fens should initially focus on the
state of microbial-mediated nutrient cycling processes before
progressing to their output (e.g. nutrient pools) and subsequent
above-ground productivity. Based on the ﬁndings of this study,
ammoniﬁcation and N-mineralization present potential functional
indicators of a fen’s trajectory towards conditions present in a
natural reference. Finally, timing of monitoring within the growing
season is also important to capture the range of seasonal
variabilities, while a continuous multi-year monitoring will be
useful to identifying inter-annual variabilities for predicting longterm trajectory of biogeochemical functions in a constructed fen.
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