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Abstract
Background and aims Plant species shape soil proper-
ties such as nutrient availability and carbon storage
through functional traits. Understanding the role of plant
functional traits, and the relationship between above-
ground and belowground systems are especially impor-
tant in boreal peatlands, which are important carbon
sinks. Sphagnum as a key peat-forming bryophyte has
long been considered an ecosystem engineer, whereas
the engineering role of graminoids, also dominant in
peatlands, has not traditionally been considered.
Methods We quantified vegetation community compo-
sition, plant functional traits, and peat properties in two
peatland sites differing in dominant vegetation (Sphag-
nummosses andCarex sedges), and link plant traits with
peat properties using ordination.
Results We show that plant traits significantly explain
many peat properties, including organochemicals that are
indicators of decomposition dynamics. Specifically,
Carex-dominated sites had larger amount of ‘decomposi-
tion products’while a larger proportion of ‘undecomposed
materials’ was observed in Sphagnum-dominated sites.

Conclusion Feedbacks in plant-soil systems are increas-
ingly being recognised as drivers of ecosystem process-
es. In both peatland types, plant traits of the key ecosys-
tem engineer drove properties of the belowground peat
environment. Peat organochemical constituents between
Sphagnum-dominated andCarex-dominated sites reveal
differences in ecosystem function, and thus the condu-
cive potential for carbon storage.

Keywords Carex . Decomposition . Ecosystem
engineer . FTIR . Peatland . Plant functional traits . Plant-
soil feedbacks . Organochemical properties . Sphagnum

Abbreviations
CWM Community level weighted mean
FTIR Fourier transform infrared spectroscopy
LDMC Leaf dry matter content
LMA Leaf mass per area
NMDS Non-metric multidimensional scaling
SLA Specific leaf area

Introduction

Understanding the structure and composition of plant
communities (Cornwell and Ackerly 2009), and identi-
fying mechanisms affecting variation in species distri-
bution (Klironomos 2002), are major goals in commu-
nity ecology (McGill et al. 2006). Plant community
composition results from a series of abiotic and biotic
filters (Garnier et al. 2016), where plant strategy (sensu
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Grime 1977) is put into a context of physiological
tolerances and ecological trade-offs (Westoby and
Wright 2006). However, an often-overlooked mecha-
nism of community structure is the presence of certain
organisms that exert a strong influence on the distribu-
tion of other species and the environment through eco-
system engineering. Ecosystem engineers are organisms
that directly or indirectly influence the flow of resources
for other species, and in doing so, modify, create and
maintain habitat (sensu Jones et al. 1994). While all
organisms to some degree engineer their environment
(Wright and Jones 2006), some species disproportion-
ately affect community organization and species abun-
dance through strong environmental feedbacks that fa-
cilitates their own dominance and govern local scale
patterns of species richness (Jones et al. 1997).

Plant ecosystem engineers generally modify their
ecosystem by altering local abiotic factors, creating
strong feedbacks between the aboveground plant com-
munity and the belowground soil environment that fa-
vour their own expansion. In doing so these ecosystem
engineers can modify many core ecosystem properties,
including soil moisture and pH, as well as nutrient
availability. For instance, fast growing plants with high
nutrient demands tend to produce nutrient-rich, labile
litter that facilitates faster decomposition, and increases
soil nutrient availability, while slow growing plants with
low nutrient demands tend to produce nutrient-poor,
recalcitrant, litter that facilitates slower nutrient cycling
and reduces soil nutrient availability (Reich 2014).
These life history trade-offs have more recently been
placed within a trait-based approach to examining eco-
system engineering (Bouma et al. 2012; Emery and
Rudgers 2014). Plant functional traits are any heritable
physiological, morphological or phenological character-
istic that influences fitness through plant growth, repro-
duction, or survival (sensu Garnier et al. 2016). Plant
functional traits can be used to understand plant com-
munity structure (Dolédec et al. 1996), and can predict
ecosystem functioning for a wide range of environments
at various levels of spatial and biological organization
(Shipley et al. 2016). Investigating plant functional traits
is seen as a robust method in determining how plant
composition, and the associated diversity among traits,
can reveal underlying ecosystem-level processes attrib-
uted to ecosystem engineers (Petchey and Gaston 2002).

Understanding the role of plant functional traits, and the
relationship between aboveground vegetation and below-
ground soil variables are especially important in boreal

peatlands, where Sphagnum mosses have long been
thought of as an ecosystem engineer (van Breemen
1995). Sphagnum is a key peat-forming bryophyte in
boreal ecosystems. Slow growing and producing
nutrient-poor litter, Sphagnum mosses facilitate large ac-
cumulations of peat that are important carbon sinks.
Graminoid species (including sedges of the genus Carex)
have not traditionally been considered ecosystem engi-
neers (but see Crain and Bertness 2005), however, the
distribution of both Sphagnum andCarex species is related
to resource gradients (e.g. soil moisture, soil pH, nutrient
availability) that largely affect the peat accumulation of the
dominant peatland plant functional type (Rydin and
Jeglum 2013). Thus both Sphagnum-moss spp. and
Carex-sedge spp. may be considered ecosystem engineers
as they are both linked to abiotic changes related to the
chemical composition of living and dead plant material
(Belyea and Clymo 2001; Crain and Bertness 2005).

A growing body of research demonstrates how
peatland plant species shape peat properties such as nutri-
ent availability (Aerts et al. 1999), dissolved organic
carbon (Bragazza et al. 2016; Robroek et al. 2016), mi-
crobial community structure (Bragazza et al. 2013), acid-
ity (Ehrenfeld et al. 2005) and moisture (Strack and Price
2009), yet links to the underlying plant functional traits
remain relatively unexplored. Identifying links between
peat properties and plant functional traits is critical for
interpreting how changes to peat properties might affect
peatland processes such as carbon and nutrient cycling
(Jassey et al. 2013, 2014) with overall impacts to peatland
function. Despite the growing popularity of utilizing plant
functional traits in deciphering ecosystem engineering, the
trait-based approach has not addressed engineering in
boreal peatlands where Sphagnum and Carex species
traits drive a tug-of-war over peatland moisture, pH and
nutrients levels that ultimately dictate peat accumulation
and therefore carbon storage.

In a mechanistically-based observational study we
quantified vegetation community composition, plant func-
tional traits, and peat-soil variables to elucidate engineer-
ing mechanisms driving plant community structure and
carbon storage in two contrasting peatland sites differing
in resource status and dominant plant growth form. Spe-
cifically, we ask 1) how do aboveground plant functional
traits relate to belowground peat properties (community-
level)?, and 2) how do the ecosystem engineers Carex and
Sphagnum affect aboveground and belowground ecosys-
tem properties in their respective site (species-level)? We
use peat spectral organochemical properties and a series of

278 Plant Soil (2017) 418:277–291



statistical ordination techniques to explore the link be-
tween plant traits and peat quality, and explain how differ-
ent plants can be linked to peat properties to help infer
nutrient and decomposition dynamics.

Materials and methods

Study site

The study was conducted in August 2015 at a boreal
peatland complex within the White River Experimental
Watersheds, a long-term research area maintained by the
OntarioMinistry of Natural Resources and Forestry near
the city of White River, Ontario, Canada (48°21′N,
84°20′W). The region experiences a mean annual tem-
perature of 2.1 °C and a mean annual precipitation of
980 mm (see McLaughlin andWebster 2010 for full site
description). Within the peatland complex two study
sites were established 2 km apart, one at a nutrient-
poor fen dominated by Sphagnum mosses, and the
second at a fen with intermediate nutrient availability,
dominated by graminoids. For brevity these sites will be
hence referred to as the ‘Sphagnum-dominated fen’ and
the ‘Carex-dominated fen’ respectively.

The Carex-dominated fen (10.2 ha) is predominantly
treeless, surrounded by coniferous forest with two main
tributaries running along the northern and southwestern
edges. The vegetation within this fen is dominated by
Carex spp. sedges (C. oligosperma Michx., C. stricta
Lam.) and ericaceous shrubs such as sweet gale (Myrica
gale L.), and leatherleaf (Chamadeaphne calyculata (L.)
Moench) with sporadic patches of Sphagnum moss spp.
as the main bryophyte. The Sphagnum-dominated fen
(4.5 ha) conversely is partially forested and is bounded
by upland boreal forest and a lentic lake. The dominant
vegetation of the Sphagnum-dominated fen includes
Sphagnum moss spp. (S. magellanicum Brid., and
S. angustifolium ((C. Jens. ex Russ.) C. Jens.) as the
dominant ground cover, with low densities of leatherleaf
and bog Labrador tea (Rhododendron groenlandicum
Oeder), and sporadic black spruce (Picea mariana (Mill.)
B.S.P.), and tamarack (Larix laricina (Du Roi) K. Koch).

Experimental design

Five 1 × 1 m plots were randomly selected from
representative 25 × 25 m areas of both the Sphag-
num-dominated and Carex-dominated fens. Within

each site, the minimum distance between plots was
1 m, and the maximum distance between plots was
20 m. Vegetation surveys were performed in each
1 × 1 m plot to assess species richness as well as
each species’ percent cover. Plant species were iden-
tified in the field using Legasy (1995) and
Newmaster et al. (1997). Species percent cover
was measured using an adapted Braun-Blanquet
scale by a single observer as recommended by
Rochefort et al. (2013). Alongside plant species
composition, nine functional traits were assessed
using material collected from each species in every
1 × 1 m plo t in accordance wi th Pé rez -
Harguindeguy et al. (2013). Surface peat samples
(20 cm wide ×20 cm long ×25 cm deep) were
collected alongside plant community and trait data
from the north-facing side of each plot to assess 13
environmental variables. All peat monoliths were
the same size and analyses were performed at the
same depth within each. The depth chosen (25 cm)
reflects the area in which most biological processes
occur (Myers et al. 2012), as opposed to the rooting
depth of any specific plant species.

To quantify functional traits, three upper, photosynthet-
ically active leaves were collected from each vascular
species (Pérez-Harguindeguy et al. 2013) while whole
moss shoots (stem + capitulum) were collected from
Sphagnum mosses (Bond-Lamberty and Gower 2007).
Total plant height was also determined in the field at the
time of leaf collection. The collected leaf and moss sam-
ples were then stored in plastic bags and kept cool and
moist until further processing. In the lab, specific leaf area
(SLA), wet and dry leaf weight, leaf area, leaf mass per
area, as well as leaf C and N content were determined.
Specific leaf area is defined as the one-sided leaf area
(cm2) divided by dry weight (g) and was determined by a
digitally scanning the three leaves collected from each
species at each plot. In the cases of mosses, photosynthet-
ically active whole shoots were used as the functional
analogue of a leaf as done by Bond-Lamberty and Gower
(2007). Wet leaf weights were obtained before scanning
and leaves were subsequently dried for 48 h at 60 °C to
calculate the leaf dry matter content (LDMC), which
represents the dry weight (mg) divided by the wet weight
(g). Leaf area and leaf mass were obtained as plant traits
from the calculations of SLA, and leaf mass per area
(LMA) was calculated as the inverse of SLA.

Total C and N leaf concentrations were measured
for 14 species using a combustion autoanalyser
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(vario MAX CN, Elementar) with glutamic acid as
calibrant and birch leaf as the quality control. The
same dried leaf samples that were used to determine
SLA were ground using an electric grinder prior to
analysis, however, species were pooled by site to
obtain the minimum 0.2 g material required for
analysis. Carbon-to-nitrogen ratios (C:N) were cal-
culated using the total C and N values and treated as
a separate plant functional trait.

Intact peat monoliths were collected manually using a
key-hole saw,wrapped in aluminum foil and kept in a 4 °C
fridge until processed. Litter biomasswas determined from
the surface of each peat monolith by weighing the dried
(48 h at 60 °C) senesced vegetation. A 5 × 5 × 5 cm
subsample of peat was extracted from the centre of each
peat monolith for coarse root biomass (>2 mm diameter);
roots were washed from surrounding peat matrix and oven
dried at 60 °C for 48 h. Gravimetric moisture content was
determined from another 5 × 5 × 5 cm of subsampled peat
dried at 60 °C for 72 h. The same peat samples were
further dried at 105 °C for 24 h before determining organic
matter (carbon) content via loss-on-ignition (LOI) at
550 °C for 8 h (Chambers et al. 2011).

The pH of peat samples was determined using 2 g dry
weight equivalent of fresh peat in 11 mL of distilled
water using a calibrated glass probe. The filtrate of the
pH sample was used to determine electrical conductance
(EC) following vacuum filtration using Whatman #42
filters, and measured using a standard probe with a glass
electrode. Available nutrients (PO4

3+, NO3
− and NH4

+)
were extracted from each peat sample by shaking 5 g
dry weight equivalent of peat in 40 mL of Bray’s Solu-
tion (dilute NH4F in HCl), or 40 mL 2 N potassium
chloride (KCl) for 1 h, respectively, followed by filtra-
tion through Whatman GF/A filter paper. Available
PO4

3+ was analysed using the fluoride colourimetric
method, while available NH4

+ was measured by the
indophenol-blue method and NO3

− was measured by
the hydrazine method on an AA3 autoanalyzer.

Heterotrophic (basal) respiration was determined for
35 g wet weight subsample of peat with a Licor multi-
plexer Infrared Gas Analyzer (IRGA LI-8100A and
Multiplexer unit LI-8150) in 250 ml Mason jars with
approximately 2 cm headspace. The quantified CO2 flux
values are expressed as mL CO2 / g dry weight / h.
Following basal respiration measurements, substrate in-
duced respiration was performed to calculate microbial
biomass. Samples were amended with 10 mg of glucose
and respiration was measured for an additional 12 h.

Microbial biomass (mg CO2-C / g dry weight) was
calculated according to Anderson and Domsch (1978)
based on the lowest respiration rate (flux-CO2) prior to
the commencement of microbial growth:

Microbial biomass ¼ 40:4� f luxCO2 þ 0:37:

Metabolic quotient (qCO2) was calculated as the basal
respiration-to-biomass ratio. In doing so we quantify the
amount of CO2-C produced per unit microbial biomass C
as a measure of microbial carbon resource use efficiency.

Lastly, Fourier transform infrared spectroscopy
(FTIR) was performed on a 5 g dry weight equivalent
subsample of the surface peat to characterise the organic
chemical functional groups present in the peat. Fourier
transform infrared spectroscopy identifies chemical
compounds in peat through the use of the vibrational
characteristics of structural chemical bonds (Artz et al.
2008), and can distinguish between carbohydrates, lig-
nins, cellulose, fats, lipids and waxes. Generally, it is
used as an indicator of organic matter quality or
decompositional processes and the development of peat
organic materials (Artz et al. 2008; Broder et al. 2012).
Each subsample was extracted from an undisturbed
section of the sampled peat monolith. Subsamples were
freeze-dried and ground with an electric grinder prior to
analysis. The FTIR spectra of 0.5 g homogenised peat
sample were recorded using a Tensor 27 series (Bruker
Optics Ltd., Milton, Ontario) equipped with a Golden
Gate ATR sample loading system (Specac Inc., NJ,
USA). Spectra were acquired by taking the average of
200 scans at 4 cm−1 resolution over the wave number
range of 500–4000 cm−1. To compare FTIR spectral
differences in Sphagnum-dominated and Carex-domi-
nated fen peat, means and 95% confidence intervals of
the absorption intensities were calculated for all wave
numbers. To compare decomposability of the different
peats, humification indices were calculated from FTIR
spectral data using ratios of absorption intensities of
aromatic, aliphatic, carboxylic acid and phenolic moie-
ties to polysaccharides, which reflect source plant ma-
terial and decomposability through the relative propor-
tions of complex substances to easily degradable com-
pounds (Broder et al. 2012). Absorption peaks indica-
tive of structural units in organic matter were used as
indicators of peat organic matter quality and identified
according to Niemeyer et al. (1992).
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Data analysis

Plant community data was assessed for species richness
(S), percent cover as sample abundances (N0),
Shannon’s diversity (H), Simpson’s diversity index (D)
and Pielou’s evenness (J) for each plot using the vegan
package in R (RDevelopment Core Team 2013; version
3.1.2). Plant trait data was normalised and used to
calculate functional diversity indices (i.e. functional
richness, evenness, divergence, dispersion, Rao’s qua-
dratic entropy) using the dbFD command in the FD
package (Laliberté and Legendre 2010), to characterise
the diversity of species traits among sampled plots. See
Garnier et al. (2016) for full a description of indices
used. We calculated the functional redundancy of each
plots as the difference between Simpson’s diversity (D)
and Rao’s quadratic entropy function (Q) (Pillar et al.
2013). Community weighted means (CWM) for each
trait were also calculated for each plot, using:

CWMtrait ¼ Σ pi � xið Þ

Where CWMtrait is the CWM for trait x, pi is the
percent cover of species i in the community, and xi is the
trait value for the species i. One-way analysis of vari-
ance (ANOVA) was used to characterise and quantify
the difference in mean values of plant, trait and peat-soil
variables between these two specific fen sites.

To examine how Sphagnum-dominated and
Carex-dominated fen sites were structured with re-
spect to plant composition, and the composition of
species traits, and peat-soil conditions, separate
Bray-Curtis percent similarity matrices were con-
structed for plant community composition (30 spe-
cies total), peat-soil variables, and plant species
functional trait composition using the vegdist func-
tion in the vegan package of R. Dissimilarities were
quantified using the adonis function to perform
PERMANOVA. Simper analyses were also used to
determine the contribution of individual species,
peat variables or traits to the respective overall
Bray-Curtis dissimilarity using the sim command
in the vegan package (Clarke 1993). To examine
how Sphagnum-dominated and Carex-dominated
fen sites were functionally structured at the
community-level with respect to plant composition
and the composition of species traits, a percent sim-
ilarity matrix (Bray-Curtis) was created examining
t r a i t s imi l a r i t y among the p lan t spec i e s .

Dissimilarities were visualised using the metaMDS
function to compute a non-metric multi-dimensional
scaling (NMDS) ordination plot. In this ordination,
the output presented becomes a representation of
trait composition for each species. Thus data points
that cluster close together represent species that have
similar trait compositions, while data points that are
further apart, represent species that differ in trait
composition. Prior to analysis, species were
assigned dominance to fen type based on the total
abundance of that species at each site, with the
criteria of at least 51% greater in abundance in one
site or another. Differences in functional structure
were assessed between fen types using the adonis
function to perform PERMANOVA.

At the individual species-level we examine the
species response to the environmental conditions
across the fen sites using CCA, and the relationship
of the traits with the environmental variables using
RDA of CWMs (Kleyer et al. 2012). Also, to link
characteristics of plant traits to the characteristics of
the environment, we used the co-inertia analysis RLQ
(R-mode Linked to Q-mode) (Dolédec et al. 1996)
using all three data matrices: species × plot (L), plant
trait × species (Q), and environmental variables × plot
(R). Initial correspondence analysis (CA) was per-
formed on the species × plot data, while principle
components analysis (PCA) was performed on the
plant trait × species, and environmental variables ×
plot data. Subsequently both environmental (R matrix)
and trait (Q matrix) ordinations were constrained with
species (L matrix) scores for the RLQ analysis using
the dudi.pca command, and RLQ analysis was carried
out with the rlq command in ade4, a support package
for vegan (Dray and Dufour 2007). RLQ is thus
performed via a double inertia analysis of two arrays
(R and Q) with a link expressed by the contingency
Table (L), where the rows of L (sites) corresponded to
the rows of R (sites) and the columns of L (species)
corresponded to the rows of Q (species) (Dray and
Dufour 2007). Permutation tests (Monte Carlo,
n = 999) were performed to test if whether sites
(model 2), species (model 4), and sites and species
(model 5) scores could be explained significantly by
trait-environment relationships using the randtest func-
tion. The final RLQ product is presented as a three-
way plot where species-trait-environment relationships
are interpreted by correlating the spatial location of
objects in the co-created plots.
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Results

Comparison of site characteristics

Several peat-soil properties differed between the Sphag-
num-dominated and Carex-dominated fen sites
(Table 1); the Carex-dominated fen had characteristical-
ly higher pH, root biomass, metabolic quotient, and total
available N than the Sphagnum-dominated fen, while
the Sphagnum-dominated site had significantly greater
vegetative biomass, moisture, and organic matter. Elec-
trical conductivity, available phosphate, and microbial
biomass were also greater in the Sphagnum-dominated
site, but not significantly so (Table 1). In terms of plant
functional trait CWMs, the Carex-dominated fen had
greater leaf area, leaf mass, LDMC and height than the
Sphagnum-dominated fen (Table 2). The average species
richness, and diversity (Shannon’s and Simpson’s) were
significantly greater in the Sphagnum-dominated nutrient
poor fen compared to the Carex-dominated intermediate
nutrient fen site (Table 3). Percent cover of vegetation
was not significantly different between sites, but was
mildly greater in the Sphagnum-dominated fen. Consid-
ering the functional diversity indices, the Sphagnum-
dominated fen was found to have significantly greater
functional richness and redundancy (Table 3).

The FTIR spectra varied among the two fen types, but
both fens displayed absorption bands typical of humic
substances (Fig. 1, Table 4). Peat from the Sphagnum-
dominated fen had a significantly greater proportion of
cellulose (wave number 3340 cm−1), aliphatic structures

(2920 cm−1 and 2850 cm−1), carboxylic acids
(1720 cm−1), and long chain alkanes of aromatic struc-
tures (720 cm−1). The Carex-dominated fen peat scored
higher for aromatics (1650 cm−1), lignin-like and pheno-
lic structures (1515 cm−1), proteinaceous compounds
(1550 cm−1), and alkyl groups at 1475 cm−1 representing
plant wax. Polysaccharides (1030 cm−1) and humic acids
(1426 cm−1), enhancers of decomposition rates and indi-
cators of humification, respectively, were not significant-
ly different between the fens. For the humification indi-
ces, the Sphagnum-dominated fen demonstrated greater
aliphatic lipids and carboxylic acid moieties than the
Carex-dominated fen, while the Carex-dominated fen
had greater aromatic and phenolic index values (Table 4).

Composition similarity of site characteristics

Plant species community composition was highly dis-
similar between Sphagnum-dominated and Carex-dom-
inated fen sites (F1,8 = 9.88, P = 0.001, R2 = 0.553)
driven by Carex stricta,M. gale, and C. oligosperma as
dominant species at the Carex-dominated fen, and
S. magellanicum and S. angustifolium at the Sphag-
num-dominated fen. The peat environment was also
found to be significantly different between fen sites
(F1,8 = 5.99, P = 0.009, R2 = 0.428), explained by
differences in organic matter content and electrical con-
ductance. Examining the functional trait compositions
of sampled plots, we also found high dissimilarity and a
significant difference between fen types (F1,8 = 6.29,
P = 0.008, R2 = 0.440): differences in functional trait

Table 1 Summary of peat-soil
environmental (plot) conditions
of the Sphagnum-dominated and
Carex-dominated sites located
near White River, Ontario

Variable Carex-dominated
fen average (± SE)

Sphagnum-dominated
fen average (± SE)

F(1,8) P

Vegetation biomass (g) 0.5 (0.2) 5.0 (1.6) 8.18 0.021

Litter biomass (g) 3.7 (1.8) 2.1 (0.7) 0.72 0.420

Root biomass (g/cm3) 7.4 (1.6) 2.6 (0.5) 8.96 0.017

Moisture content (%) 87.8 (0.4) 90.1 (0.9) 6.37 0.036

Organic matter (%) 83.7 (3.6) 97.8 (0.3) 15.00 0.005

pH (in dH20) 5.4 (0.0) 4.8 (0.1) 64.27 <0.001

EC (dS/m) 73.2 (6.2) 80.5 (2.9) 1.12 0.320

PO4
+3 (mg/L) 1.2 (0.5) 4.4 (1.9) 2.76 0.136

NO3
− (mg/L) 0.2 (0.1) 0.1 (0.0) 11.00 0.011

NH4
+ (mg/L) 0.1 (0.1) 0.00 (0.0) 1.69 0.230

Basal respiration
(mL CO2/g dry weight/h)

0.1 (0.0) 0.1 (0.0) 1.99 0.196

Microbial biomass
(mg CO2-C/g dry weight)

3.2 (0.4) 5.0 (0.7) 4.67 0.063

Metabolic quotient 0.02 (0.0) 0.01 (0.0) 22.40 0.002
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composition were mainly driven by LDMC and plant
height. However, when considering functional trait
composition of the species, we find high similarity of
trait composition for many species found across both fen
locations (Fig. 2a). For example, the ericoid mycorrhizal
shrub C. calyculata found in high abundance at the

Sphagnum-dominated site and the arbuscular mycorrhi-
zal shrub M. gale found in high densities at the Carex-
dominated fen grouped closely together. This high over-
lap of many species found at both locations resulted in
no significant difference in overall trait composition of
plant species between fen sites (F1,12 = 3.09, P = 0.105,

Table 2 Community weighted means (average ± SE) of plant functional traits collected from vegetation surveys performed at Sphagnum-
dominated and Carex-dominated fen sites near White River Ontario, Canada

Trait Carex-dominated
fen average (± SE)

Sphagnum-dominated
fen average (± SE)

F(1,8) P

Height (cm) 63.3 (4.59) 21.0 (2.33) 67.6 < 0.001

Leaf area (cm2) 9.52 (1.03) 5.06 (0.45) 15.7 0.004

Leaf mass (mg) 76.02 (8.18) 32.41 (2.87) 25.3 0.001

SLA (cm2/g) 138.6 (9.16) 154.2 (2.17) 2.75 0.136

LMA (mg/cm2) 9.18 (0.51) 9.66 (0.50) 0.461 0.517

LDMC (mg/g) 422.87 (37.4) 303.4 (5.08) 10.0 0.013

Leaf C (%)* 47.9 (0.51) 49.1 (0.60) 2.32 0.166

Leaf N (%)* 1.53 (0.02) 1.52 (0.03) 0.087 0.775

Leaf C:N* 32.7 (0.42) 34.8 (1.65) 1.58 0.244

Bold denotes significant difference based on one-way analysis of variance

SLA specific leaf area, LDMC leaf dry matter content, LMA leaf mass per area

* denotes CWMs calculated with the 14 species that had C and N data; not all species could be included in C and N analyses due to
insufficient material

Table 3 Species and functional diversity indices of plant species and their traits measured during vegetation surveys of a nutrient poor
(Sphagnum-dominated) and intermediate nutrient (Carex-dominated) fen sites in central Ontario, Canada

Diversity Index Carex-dominated fen average (± SE) Sphagnum-dominated Fen Average (± SE) F(1,8) P

Species richness (S) 6.0 (1.1) 15.2 (1.2) 50.0 <0.001

Percent cover (N0) 182.3 (20.7) 218.4 (18.5) 1.79 0.218

Shannon’s diversity (H) 1.04 (0.11) 1.96 (0.07) 58.3 <0.001

Simpson’s diversity (D) 0.59 (0.05) 0.82 (0.01) 22.4 0.001

Pielou’s evenness (J) 0.61 (0.08) 0.72 (0.03) 1.83 0.213

Functional richness (FRic)* 2.06 (0.40) 16.9 (0.02) 1351 < 0.001

Functional evenness (FEve)* 0.50 (0.14) 0.59 (0.09) 0.273 0.615

Functional divergence (FDiv)* 0.89 (0.06) 0.79 (0.03) 2.12 0.185

Functional dispersion (FDis)* 1.96 (0.34) 2.49 (0.14) 2.06 0.189

Rao’s quadratic entropy (Q) 0.32 (0.03) 0.41 (0.00) 9.66 0.015

Functional redundancy (D-Q) 0.26 (0.02) 0.42 (0.01) 33.4 < 0.001

Bold denotes significant difference based on one-way analysis of variance

FRic volume of functional space occupied by species in the community

FEve regularity of the distribution of trait abundances within functional space

FDiv spread of distribution of trait abundances within functional space

FDis mean distance of each species and the centroid of all species in the community in multidimensional trait space

Q sum of distances between species weighted by relative abundance

* denotes indices that were calculated using the 14 species that had C and N data; not all species could be included in C and N analyses due to
insufficient material
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R2 = 0.205). However, the species with greatest dissim-
ilarity in trait composition were between Sphagnum spp.
dominating at the Sphagnum-dominated fen and Carex
spp. dominating at the Carex-dominated fen site. Traits
driving the separation of Sphagnum species were high
SLA values, while high leaf mass and low C:N was
associated with the Carex species (Fig. 2a).

Species, trait, and environment relationships

At the individual species level, we found strong species-
environment links with all plant species found in the

Sphagnum-dominated fen plots clustering tightly, while
theCarex-dominated fen plant species were more variable
driven by the presence of C. oligosperma found in high
abundance at a single plot, but not strongly associated
with any specific environmental variable (Fig. 2b). The
variance in the plant species response to environmental
conditions explained by CCA axis 1 was 46.4% and
demonstrates the separation between Sphagnum-dominat-
ed (positive values of axis 1) and Carex-dominated fen
types (negative values of axis 1). Plant species found in
the Sphagnum-dominated fen were associated with high
moisture, greater microbial biomass, and higher peat-soil
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Fig. 1 Organochemical spectral
properties (means ±95%
confidence intervals) produced by
Fourier transform infrared (FTIR)
spectroscopy of a) Carex-
dominated fen peat and b)
Sphagnum-dominated fen peat
collected near White River,
Ontario, Canada. A list of peaks
and associated compounds are
found in Table 4
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carbon content. Carex species (C. stricta, C. lasiocarpa)
and the shrub sweet gale (M. gale) were associated with
higher peat-soil nitrogen and pH, the presence of pheno-
lics, and microbial activity (respiration). Axis 2 of the
CCA ordination explained an addition 28.0%, which is
attributed to the occurrence of C. oligosperma at a single
plot. Carex oligosperma was not strongly associated with
any specific environmental variable, but was positively
associated with nitrate and pH, and negatively associated
with peat-soil carbon content.

The first axes of the RLQ analysis explained 95.4%
of the cross-matrix of species traits and environmental
variables, separating peat-soil, plant species, and asso-
ciated plant traits of the two fen types (Fig. 3). In all the
RLQ biplots (Fig. 3a–c), the positive (right) side of the
biplot is associated with the Carex-dominated fen sites,
while the negative (left) side of the biplot is associated
with the Sphagnum-dominated fen sites. Correlating the
spatial location of the objects between the biplots can
make relationships between environmental, species, and
trait variables. The environmental data (R) axis 1 ex-
plained 46% variation with pH and nitrate (positive axis
1) and moisture and total carbon (negative axis 1), and

four organochemical peat properties (aromatics and phe-
nolics vs. cellulose, carboxylic acids) as main drivers
separating the Carex-dominated and Sphagnum-domi-
nated fens, respectively (Fig. 3a). The species data (L)
was explained with cumulative 74% variation (axis 1:
46%, axis 2: 28%), with axis 1 being driven byC. stricta
(positive values) vs. Sphagnum spp. (negative values)
(Fig. 3b). For the results of the trait data (Q) axis 1
explained 90% of the trait variation, where height of
the dominant vegetation was the main driver (Fig. 3c),
and was strongly associated with the presence of Carex
spp. (particularly C. stricta) found in the Carex-domi-
nated fen. The initial ordinations used in the RLQ per-
formed on the species × plot, environmental variables ×
plot, and trait × species data are provided in the supple-
mentary information (Fig. S1a–c).

The Monte Carlo permutations of the variances ex-
plained by the RLQ analysis found that both sites and
species were significantly explained by trait-
environmental relationships (P = 0.010, P = 0.006).
The model where both species and sites were combined
was also significantly explained by trait-environment
relationships (P = 0.004). The redundancy analysis

Table 4 Mean (± SE) absorbance intensities and assigned absorbance bands for organic chemical compounds in a Sphagnum-dominated
and Carex-dominated fen peat identified using Fourier transform infrared (FTIR) spectroscopy

Wave number (cm−1) Compounds Carex-dominated
fen average (± SE)

Sphagnum-dominated
fen average (± SE)

F(1,8) P

720 Long chain alkanes 0.001 (0.00) 0.005 (0.00) 12.2 0.008

835 Lignin 0.004 (0.01) 0.005 (0.00) 0.651 0.443

1030 Polysaccharides 0.092 (0.00) 0.089 (0.00) 0.639 0.447

1265 Lignin 0.027 (0.00) 0.028 (0.00) 0.122 0.736

1371 Phenolic (lignin) and aliphatics 0.027 (0.00) 0.029 (0.00) 0.351 0.570

1426 Humic acids (caryboxylate/carboxylic structures) 0.027 (0.00) 0.024 (0.00) 0.511 0.495

1450 Phenolic (lignin) and aliphatics 0.027 (0.00) 0.020 (0.00) 3.91 0.083

1475 Alkyl groups (waxes) 0.020 (0.00) 0.011 (0.00) 12.6 0.007

1515 Lignin-like/phenolic structures 0.033 (0.00) 0.017 (0.00) 20.1 0.002

1550 Proteinaceous 0.033 (0.00) 0.015 (0.00) 19.1 0.002

1650 Aromatics 0.046 (0.00) 0.029 (0.00) 14.0 0.006

1708 Free organic acids 0.022 (0.00) 0.027 (0.00) 4.31 0.068

1720 Carboxylic acids, aromatic esters 0.021 (0.00) 0.028 (0.00) 10.8 0.011

2850 Aliphatic fats, wax, lipids 0.035 (0.00) 0.041 (0.00) 7.27 0.027

2920 Aliphatic fats, wax, lipids 0.041 (0.00) 0.050 (0.00) 9.53 0.015

3340 Cellulose 0.054 (0.00) 0.083 (0.00) 125.5 <0.000

Humification indices

1515/1030 Phenolic index 0.4 (0.1) 0.2 (0.0) 14.74 0.005

1650/1030 Aromatic index 0.6 (0.1) 0.4 (0.0) 7.82 0.023

1720/1030 Carboxylic acid index 0.2 (0.0) 0.3 (0.0) 11.47 0.009

2920/1030 Lipid index (aliphatics) 0.5 (0.0) 0.6 (0.0) 5.56 0.046
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(RDA) of trait CWMs and environmental variables
demonstrated similar relationships to the RLQ (Fig. 4).
The first axis representing a separation between Sphag-
num-dominated and Carex-dominated fen types ex-
plained 44.8% of the variation in trait relationships with
environmental conditions, while the second axis, ex-
plained 32.5% additional variation.

Discussion

In boreal peatlands, plants leave a legacy in partially
decomposed plant material as peat. We show that plant
traits of two different dominant plant functional types
significantly explain much of the peat-soil environment,
particularly numerous organochemicals that are indica-
tors of decomposition dynamics. Using FTIR spectra we
observed a dichotomy in peat constituents between the
Sphagnum-dominated nutrient poor and theCarex-dom-
inated intermediate nutrient fen sites, where the Carex-
dominated fen had larger amount of ‘decomposition
products’ while there was a larger proportion of ‘unde-
composed materials’ (e.g. wax, cellulose) in the

Sphagnum-dominated site. Furthermore, differences be-
tween the two sites were significantly explained by the
RLQ relationship between plant traits and peat-soil var-
iables, and that this trait-mediated environment was
significantly explain by plant species composition at
these sites driven by the dominantCarex and Sphagnum
spp. This suggests that the dominant plant species traits
exert influence on their environment (aboveground-to-
belowground), and that these feedbacks between above-
and belowground systems are reciprocal, as anticipated
for ecosystem engineers.

Chemical composition of plant litter is important for
the rate of litter decomposition and nutrient cycling.
Chemical traits of leaves, mainly different nutrients
(e.g. N) and carbon compounds (e.g. phenolics, carbox-
ylic acids) interact directly or indirectly with the biotic
and abiotic environment to modulate pH and nutrient
levels. Specifically, we found differences in pH, organic
matter and several organochemical properties of the peat
that can be directly related to mechanisms underlying
peat accumulation (or its inverse, decomposition). It is
generally agreed that Carex litter decomposes more
rapidly than Sphagnum litter due to more labile, water-
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Fig. 2 Ordination biplots of (a) species-trait similarities and (b)
species relationships to peat-soil environmental variables. (a) Non-
metric multi-dimensional scaling (NMDS) plots showing trait
similarity of species occurring in Carex-dominated intermediate
and Sphagnum-dominated fen sites. Species designated with black
circles are solely or predominantly found in the Carex-dominated
fen site, while species designated with grey circles are solely or
predominantly found in the Sphagnum-dominated site. (b) Canon-
ical correspondence analysis (CCA) demonstrating the relation-
ship between the peatland plant species and environmental

variables across the two fen sites. Species codes are given in the
caption of Fig. 3. Along axis 1 in this CCA, the positive (right) side
of the biplot is associated with the Sphagnum-dominated fen sites,
while the negative (left) side of the biplot is associated with the
Carex-dominated fen sites. For axis 2, the Sphagnum-dominated
fen sites (not shown for clarity) group closely with the environ-
mental and plant variables, while a single plot within the Carex-
dominated fen was associated with high abundance of
C. oligosperma, but was not strongly associated with any specific
environmental variable
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soluble carbon compounds of the respective plant litter
(Del Giudice and Lindo 2017). This points to enhanced
nutrient cycling and availability, consistent with higher
available nitrogen in peat from the Carex-dominated
fen. However, we also observed greater utilization of
organic materials within the belowground peat system
through greater microbial carbon use efficiency (meta-
bolic quotient). Recently it has been suggested that
faster decomposition in Carex-dominated peatlands
may be stimulated through priming effects of low mo-
lecular weight phenolics associated with root exudation
(Fenner et al. 2007; Dieleman et al. 2016). The high
phenolic compounds in peat observed at the Carex-
dominated fen site is consistent with high root biomass
in the peat, in addition to laboratory studies that corre-
lated high phenolic compound concentrations with vas-
cular plant expansion under experimental climate
change scenarios in boreal peatlands (Robroek et al.
2016; Dieleman et al. 2016). Similarly, Scheffer et al.
(2001) also observed peatland soluble phenolics to be
much higher in litter of Carex species than that of
Sphagnum. Our observation of high phenolics coincided
with high LDMC as a functional trait in the RLQ anal-
ysis, and as LDMC is considered an indicator of leaf
‘toughness’ is likely also linked to the presence of
ericaceous shrubs such as sweet gale at the Carex-dom-
inated fen site. At the same time, LDMC is a trait that

can be protective against wind, which is advantageous
for Carex’s tall height.

While Sphagnum litter is typically nutrient poor
(Hoorens et al. 2002), and litter C:N ratios are thought
to be a predictor of long-term decomposition rates for
peatland plants (Limpens andBerendse 2003), onlyminor
differences between species C:N ratios were observed in
this study. Rather the Sphagnum-dominated fen site
scored higher in peat constituents for aliphatic lipids,
and carboxylic acid groups that can be attributed to the
presence of Sphagnum. Sphagnum have a strong lipid
coating associated with their cell walls (van Breemen
1995), and is composed of polysaccharides possessing
carboxylic acid groups, which are largely responsible for
its acidic nature that facilitates an engineering of acidic
environments (Eppinga et al. 2009). Compounds such as
sphagnum acid (p-hydroxy-beta-(carboxymethyl)-
cinnamic acid) can have a pathogenic effect on bacteria
(Hájek et al. 2011) and anti-microbial properties
(Verhoeven and Liefveld 1997), leading to reduced de-
composition rates (Verhoeven and Toth 1995); yet our
Sphagnum-dominated poor fen has greater microbial bio-
mass (but lower metabolic quotient). However, the ob-
served aliphatic lipids, fats and waxes may not be entirely
resulting from the dominant Sphagnum. Ericaceous
shrubs such as leatherleaf, Andromeda polifolia L. (bog
rosemary), and Kalmia polifolia Wangenh. (bog laurel)
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Species codes are as follows: An.po: Andromeda polifolia, Ca.di:
Carex disperma, Ca.ol: Carex oligosperma, Ca.la: Carex
lasiocarpa, Ca.st:Carex stricta, Ch.caChamaedaphne calyculata,
Ka.po: Kalmia polifolia, Ly.an: Lycopodium annotinum, Ma.tr:
Maianthemum trifolium, My.ga: Myrica gale, Rh.gr: Rhododen-
dron groenlandicum, Sp.an: Sphagnum angustifolium, Sp.ma:
Sphagnum magellanicum, Va.an: Vaccinium angustifolium.
SLA = specific leaf area, LDMC = leaf dry matter content,
LMA = leaf mass per area

Plant Soil (2017) 418:277–291 287



that were observed at the Sphagnum-dominated site have
leaves that are covered with thick epicuticular waxes
(Jacquemart 1998), and may contain a considerable
amount of lipids (Pancost et al. 2002). The high abun-
dance of pH-lowering chemical traits of Sphagnum,
coupled with high proportions of cellulose in the FTIR
spectra, point to relatively slower rates of decomposition
at the Sphagnum-dominated fen, slower nutrient cycling,
and enhanced C storage.

Spectroscopic techniques are being increasingly used
to not only characterise constituents of peat (soil organic
matter), but also infer peat forming process and decom-
position at the micro-level scale (Heller et al. 2015).
Belowground, the relative abundances of the chemical
compounds identified by FTIR spectroscopy serve as a
strong mechanistic link between plant traits (e.g. leaf
chemical properties) and potentially ecosystem level pro-
cesses (e.g. nutrient cycling). However, it is probably that
some ecosystem engineering of the different belowground
peat environments is generated through functional traits of
the dominant species not measured in our study. For
instance, it has long been known that Sphagnum pos-
sesses physical (morphological, structural and anatomical)
traits that contribute to the engineering of wetness, acidic
and nutrient levels in peatlands. Sphagnum branch and

stem morphology mediate water transport upward by
wicking water through the spaces between leaves, and
branches and stem in the upper Sphagnum canopy
(acrotelm) (Rydin and Jeglum 2013), but decrease water
flow in subsurface peat when the finely porous tissue of
lower Sphagnum canopy (catotelm) collapses leading to
decreased hydraulic conductivity, anoxic environments
and decreased decomposition rates (Belyea and Clymo
2001). Sphagnum has long been purported to acidify peat-
soil conditions through acidic compounds within Sphag-
num cell walls (e.g. uronic acids) (Painter 1983), which
gives Sphagnum its high CEC and facilitates acidification
(Clymo 1963). Similarly, physical and structural traits of
Carex are shown to mitigate effects of anoxia through
stratified litter accumulations that increase water flow thus
reducing water-logging (Crain and Bertness 2005), and
increasing pH as a result of increased hydrologic connec-
tivity (Eppinga et al. 2009).

Among the species and functional diversity indices
calculated, only species richness, functional richness,
Rao’s and functional redundancy differed between the
two fen sites, with the Sphagnum-dominated fen being
greater in all indices, and these indices being somewhat
linked. Rao’s describes the similarity (or dissimilarity)
among species of a community in trait space while taking

Fig. 4 Redundancy analysis
(RDA) ordination biplot of
peatland plant trait community-
weighted means (CWMs)
associated with peat-soil
environmental variables (circles)

288 Plant Soil (2017) 418:277–291



into consideration the diversity and abundances of the
species (Botta-Dukát 2005); Rao’s is therefore related to
both species richness and functional redundancy. Func-
tional redundancy could increase in a community with
increasing species richness because of an expectation of
increasing overlap of species functionality with another
species (i.e. not all species are expected to be functionally
unique). In highly diversity systems, high species richness
may decrease the average functional dissimilarity among
species, and reduce Rao values while increasing function-
al redundancy. However, this was not the case here,
possibly because, while the Sphagnum-dominated fen
was more than twice as species rich as the Carex-domi-
nated fen, neither of these peatlands is considered highly
diverse compared to many other terrestrial habitats. Fur-
thermore, the different Carex spp. had greater variability
in the traits we measured than the Sphagnum spp. that
occurred at our sites.

While trait-environmental relationships explained dif-
ferences among our peatland sites, sites were not generally
different with respect to functionality at the community
level. Rather, traits driving site differenceswere associated
with the dominance of Sphagnum or Carex spp. Signifi-
cant differences in overall peat-soil environments, plant
species composition, and plant functional traits were driv-
en by these dominant plant species. Despite low similarity
of species composition between Sphagnum-dominated
and Carex-dominated fen sites there was significant over-
lap of trait distribution among species observed in both the
community-level ordination and many calculated func-
tional indices, indicating that the same set of traits are
being represented at both fen sites, and suggesting that the
majority of non-dominant species share similar functional
trait values between sites. Yet, impacts of both Sphagnum
andCarex as ecosystem engineers become apparent when
the fen sites are interpreted from a species-level functional
perspective, where both taxonomically and functionally
different plant communities dominated by Carex spp. or
Sphagnum spp. were associated with differences in peat
environments. Further to this, while S. magellanicum and
S. angustifolium consistently plotted together in ordina-
tion space, it was primarily C. stricta that drove trait-
environmental relationships in the Carex-dominated fen
despite C. oligosperma and C. lasiocarpa also being
present at this site. The congeneric C. disperma was the
only Carex found at the Sphagnum-dominated site and
functionally is quite distinct from the other Carex spp. in
being much shorter with a fine rooting structure (see
Supplementary Information Table S1).

Conclusion

Feedbacks in aboveground-belowground systems are
increasingly being recognised as drivers of ecosystem
processes (Wardle et al. 2004; Jassey et al. 2013). Un-
derstanding Sphagnum and Carex as ecosystem engi-
neers of boreal peatlands will enhance our understand-
ing of mechanisms underpinning peatland plant com-
munity dynamics. In both peatland types, aboveground
plant traits of the key ecosystem engineer drove proper-
ties of the belowground peat environment. As relatively
rapid shifts in peatland plant communities under future
climate change conditions are expected, specifically
from moss- to sedge-dominated plant communities
(Dieleman et al. 2015), research should focus on the
mechanistic link between plant traits (e.g. leaf chemical
properties) and ecosystem level processes (e.g. carbon
storage) that govern plant-soil feedbacks, as change at
the ecosystem level will largely be mediated by key
species, such as these ecosystem engineers. Below-
ground peat organochemical constituents between the
nutrient-poor Sphagnum-dominated fen and the inter-
mediate nutrient Carex-dominated fen sites helped re-
veal differences in decomposition rates and carbon use
efficiency, and thus the potential for carbon storage.
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